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Abstract—As the rapid growth of renewable energy sources
(RESs) with fluctuating and uncertain power generation, re-
serve shortages become increasingly severe, limiting the further
integration of RESs and making it essential to exploit addition-
al reserve sources. The fast-growing data centers offer signifi-
cant potential to provide reserves due to their spatial and tem-
poral dispatch flexibility. However, large quantities of jobs in
the data centers have different computing requirements, mak-
ing it challenging to estimate the availability of data centers for
providing reserves. Meanwhile, the regional resource mix leads
to uneven reserve distribution and mismatches between reserve
supply and demand. The cross-region reserve supply has the ca-
pability to mitigate such mismatches as it allows different re-
gions to provide reserve to each other. This paper enriches the
reserve sources in multi-region system dispatch to enhance re-
newable energy integration by exploiting the reserve supply ca-
pabilities of data centers and cross-region systems. The model
for available reserves of data centers is proposed via analyzing
the envelope of computing constraints of aggregated jobs. In ad-
dition, a comprehensive cross-region reserve supply model is
presented by considering reserve supply and demand limita-
tions and reserve transmission capability. Case studies are per-
formed and the results show that the data centers can provide
a substantial amount of reserves. Both the migration of jobs
among data centers and the cross-region reserve supply trans-
fer reserve resources among multiple regions. Simulations on a
real-world power grid system further demonstrate that unlock-

Manuscript received: April 7, 2025; revised: August 27, 2025; accepted: De-
cember 1, 2025. Date of CrossCheck: December 1, 2025. Date of online publica-
tion: February 11, 2026.

The work of T. Jin, X. Chen, J. Wen, and Y. Zhang was partially supported
by the National Science Fund for Distinguished Young Scholars of China (No.
72325006), the Basic Science Center Program of National Natural Science Foun-
dation of China (No. 72488101), and the Major Program of National Natural
Science Foundation of China (No. 72293601).

This article is distributed under the terms of the Creative Commons Attribu-
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

T. Jin, X. Chen, J. Wen, and Y. Zhang are with the State Key Laboratory of
Advanced Electromagnetic Technology, Huazhong University of Science and
Technology, Wuhan 430074, China, and T. Jin is also with William States Lee
College of Engineering, University of North Carolina at Charlotte, Charlotte,
NC 28223, USA (e-mail: tianyujin97@gmail.com; xchen2019@hust.edu.cn; jinyu.
wen@hust.edu.cn; zyx20@hust.edu.cn).

Y. Lu is with the Institute of New Energy, Wuhan 430073, China (e-mail:
2506732061@qqg.com).

L. Bai (corresponding author) is with William States Lee College of Engineer-
ing, University of North Carolina at Charlotte, Charlotte, NC 28223, USA (e-

mail: linquanbai@charlotte.edu).
;1
MPCE

DOI: 10.35833/MPCE.2025.000306

ing the reserve supply potential of data centers can reduce oper-
ating costs by 0.4% and the curtailment of RESs by 1.7%.

Index Terms—Renewable energy source (RES), multi-region
system, dispatch, flexibility, data center, cross-region reserve.

NOMENCLATURE

Ao Proportion of servers of the ™ data center in
off state at time ¢

K, Computing rate of servers in the »™ data center

' Proportion of power transmission loss

nee, ne?  Charging and discharging efficiencies of ener-
gy storage in region 7

Anj, . Anj,, Reduced and increased numbers of computa-
tional jobs in the ™ data center at time ¢

At Time interval

Ap&+™,  The maximum and minimum available dis-

Apyhem™ charging power of energy storage in region r
at time ¢

Cier Unit fuel consumption of the k" thermal unit
in region r

DT, Allowed deferrable computing period of cer-
tain deferrable jobs dispatched to the »™ data
center at time

F® Factor of upward reserve provided by the k™
type of renewable energy sources (RESs) in re-
gion r

e, Binary variable representing whether deferra-
ble jobs dispatched to the r™ data center at
time 7 are required to be computed

If, 10, Binary variables representing directions of
power transmissions between regions »’ and 7
and between regions r and 7'

I Binary operational status of the k"™ thermal
unit in region r at time ¢

N, N, Numbers of thermal units and RESs
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Numbers of non-deferrable and deferrable jobs
dispatched to the ™ data center at time ¢

Numbers of non-deferrable and deferrable jobs
scheduled by cloud service provider at time ¢

Number of available servers of the " data cen-
ters

Accumulated number of computational jobs in
the 7" data center by time ¢

The minimum and maximum numbers of jobs
that should be computed in the »™ data center
at time ¢

Numbers of regions, thermal units, and RESs
Numbers of servers owned by the »™ data cen-
ter in peak, idle, and off states at time ¢

Total number of jobs computed by the " data
center at time ¢

Power demands of each server of the r" data
center working in peak and idle states

Installed capacity of the k™ type of RESs in re-
gion r

Transmission capacities between regions ' and
r and between regions r and 7'

Installed capacity and the minimum power gen-
eration of the k™ thermal unit in region r

Energy efficiency of the ™ data center
Basic power load of region 7 at time ¢

Transmitted power from regions »’' to » and
from regions 7 to ' through tie lines at time ¢

Power output of the k™ thermal unit in region
r at time ¢

Power demand of servers of the " data center
at time ¢

Total power demand of the »™ data center at
time ¢

Charging and discharging power of energy
storage in region r at time ¢

The maximum charging and discharging power
of energy storage in region r

Actual power output of the k™ type of RESs in
region r at time ¢

The maximum available power output and ca-
pacity factor of the k™ type of RESs in region
r at time ¢

Ramp-up and ramp-down limits of the k™ ther-
mal unit in region r

Rates of upward and downward reserve of re-
gion r

Upward and downward reserve supplies of re-
gion r at time ¢

Upward and downward reserve productions
from regions 7' to r at time ¢

res,*._fﬁff””v", Available upward and downward reserves sup-

res,; /v plied to region ' by region r at time ¢

resi’, Upward and downward reserves that the k™

resy’, thermal unit in region r can supply at time ¢

rester, Upward and downward reserves that the r™®
DC,— 1

res, data center can supply at time ¢

resy;’, Upward and downward reserves that energy

rese” storage in region r can supply at time ¢

res;., Upward and downward reserve that the i™

resi, type of RESs in region 7 can supply at time ¢

SE¢smin, The minimum and maximum levels of stored

SE & m energy of energy storage in region r

sey, se;’, , Stored energy of energy storage in region r at

sel, time ¢, ¢,,,, and ¢,

torares Lond Start and end time of system dispatch

[. INTRODUCTION

N recent years, China’s renewable energy generation ca-

pacity has experienced significant growth [1], [2]. By the
end of 2023, the installed capacities of wind and photovolta-
ic (PV) in China reached 441 GW and 609 GW, respective-
ly, accounting for 15.1% and 20.9% of the national power
generation capacity [3].

Reserve capacity serves as backup power generation dur-
ing unexpected events and is essential to the power system
[4]. Conventional thermal units and energy storage systems
are the main reserve supply sources. However, as renewable
energy integration grows, thermal unit generation capacity is
increasingly replaced, which may lead to considerable re-
serve shortages. Meanwhile, the variability and uncertainty
of renewable energy generation further pose challenges to re-
serve capacity, particularly under high renewable energy pen-
etration [5], [6]. The increasingly severe reserve shortages
impose significant barriers to large-scale renewable energy
integration. Therefore, exploiting potential reserve supply
sources is essential.

Geo-distributed data centers, which provide internet-scale
computing services [7], [8], possess flexible scheduling capa-
bilities. Moreover, the rapid development of large language
models in recent years has significantly increased the de-
mand for computing power, resulting in higher power con-
sumption in data centers. In 2022, 270 TWh of electricity
was consumed by the data centers in China, accounting for
approximately 3% of the national electricity consumption.
By 2025, 5% of China’s annual electricity demand is expect-
ed to be consumed by data centers [9].

Given the significant spatial and temporal dispatch flexibil-
ity and the rapid growth in electricity consumption, data cen-
ters are viable potential reserve capacity providers to address
reserve shortages caused by the increasing penetration of re-
newable energy sources (RESs). However, numerous compu-
tational jobs own diverse characteristics, making it challeng-
ing to estimate the reserve supply capacity of data centers
while satisfying the operational constraints of individual
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computational jobs.

Additionally, variations in power generation capacity mix
across regions lead to variations in reserve availability. This
spatial imbalance may bring reserve mismatches, where the
supply and demand of reserves are not aligned at the region-
al level.

To address this issue, cross-region reserve supply emerges
as a promising solution, enabling the sharing and coordinat-
ed dispatch of reserve sources among multiple areas. By le-
veraging surplus flexibility in one region to support reserve
demands in another, the overall system reliability can be en-
hanced.

However, implementing cross-region reserve supply poses
several challenges. Due to the variability of available surplus
reserve in each region, accurately estimating both the local
reserve demands and the reserve supply capabilities becomes
complex. In addition, cross-region reserve supply will take
up part of the available inter-regional transmission capacity.
Therefore, transmission constraints must be carefully consid-
ered when designing coordinated reserve sharing mecha-
nisms.

Data center participation in demand response has been
studied in [10]-[17]. Internet data centers are considered to
exhibit demand response characteristics by offering both tem-
poral and spatial load regulation capabilities [10], [11]. The
spatial and temporal flexibilities of data centers, along with
the battery energy storage systems, are utilized to optimize
distribution network operation [12]. By exploring the willing-
ness to pay and time sensitivities of data center users, the us-
er-side demand response is devised in [13]. Reference [14]
proposes an adaptive policy with quality-of-service assur-
ance, enabling data centers to participate in regulation ser-
vice programs while maintaining job service quality. Refer-
ence [15] develops a synergistic control strategy for informa-
tion technology and cooling systems, allowing data centers
to provide frequency regulation by tracking the regulation
signal on the electricity market. The uninterruptible power
supply storage systems, heating, ventilation, and air condi-
tioning cooling units, and off-gridding ability are exploited
in [16] for data centers to deliver fast frequency response
services. In [17], a two-stage generation and transmission ex-
pansion planning framework considering the demand re-
sponse of data centers is proposed. Although there is a large
amount of literature on the demand response of data centers,
limited research has focused on data centers providing re-
serve capability [18]-[21]. Reference [18] studies the optimal
sizing of battery energy storage systems in data centers for
offering frequency containment reserve services to the grid.
Data centers are allowed to provide regulation service re-
serves by modeling the job processing quality of service con-
straints [19]. An energy- and quality-of-service-aware regula-
tion service reserve supply approach is proposed by [20], in-
corporating bidding strategies and runtime policies. Large-
scale flexible loads are aggregated and dispatched by data
centers to supply operating reserves in the power-communi-
cation coupling networks [21]. However, the previous litera-
ture either assumes backup energy storage as the primary re-
serve source or introduces reserve capacity through general

operational constraints of data centers. Without explicitly an-
alyzing and modeling the computing characteristics of di-
verse jobs, these approaches fail to fully capture the reserve
supply potential of data centers and further accurately quanti-
fy their available reserve supply capacity.

Numerous studies have been conducted on the optimal dis-
patch of multi-area systems under reserve constraints [22]-
[32]. A multi-area dynamic economic dispatch problem with
spinning reserve constraints is proposed in [22] to address
hourly load variations. References [23] and [24] optimize the
scheduling of multi-area integrated electricity and natural
gas systems with reserve constraints. However, in the afore-
mentioned studies, reserve demands are satisfied within each
respective area, and cross-region reserve sharing is not con-
sidered. In [25], a deterministic security-constrained unit
commitment model for power systems with large-scale wind
power integration is developed to determine the spinning re-
serve requirements, optimize generator scheduling, and coor-
dinate reserve allocation across regions. Reference [26] opti-
mizes reserve allocation for multi-area interconnected power
systems considering reserve sharing among areas, improving
the consumption of wind power. In [27] and [28], a genera-
tion-reserve co-optimization dispatch model that considers
the operational constraints of tie lines is proposed, which
can allocate reserve sources for all areas. Reference [29] ad-
dresses the dimensioning frequency restoration reserves
through a chance-constrained approach and enables reserve
sharing while considering the uncertainties arising from im-
balances, contingencies, and available transmission capacity.
In [30] and [31], a tie-line-based energy and reserve alloca-
tion model for multi-area systems is developed, effectively
relieving the energy and reserve shortages in several areas.
Reference [32] proposes a dynamic reserve demand estima-
tion model and a reserve allocation strategy for the multi-ar-
ea system, ensuring overall system reliability. However,
these studies primarily focus on conventional thermal units
as reserve providers, while overlooking the flexible reserve
potential of emerging sources such as data centers and ener-
gy storage. Furthermore, the available reserve capacity mod-
el is often simplified, failing to capture the complexity of
spatial reserve mismatches and limiting the accurate estima-
tion of the reserve allocation between local region and other
regions.

This paper enhances renewable energy integration in multi-
region system dispatch by enriching the reserve sources,
with a special focus on the reserves supplied by data centers
and cross-region systems. We start with the basic operating
models of data centers. By aggregating computational jobs
with various characteristics, we then construct an envelope
of computing constraints of aggregated jobs and propose the
reserve supply model of data centers. Next, we model the
constraints of thermal units, energy storage, and RESs, as
well as several system-level operational limits and the objec-
tive function. Particularly, regional reserve constraints are
formulated by considering local flexibility and cross-region
reserve scheduling. Finally, we develop a multi-region test
system to examine the models of reserves supplied by data
centers and cross-region systems. We also introduce a real-
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world power grid system to validate the proposed models.
The operating cost of the whole system decreases and the re-
newable energy integration is improved when incorporating
additional reserve sources.

The main contributions of this paper are summarized as
follows.

1) We propose a novel reserve supply model for data cen-
ters based on the envelope of computing constraints derived
from aggregated jobs. Unlike previous studies that only im-
pose simplified operational constraints of data centers, this
model explicitly explores and incorporates job-specific flexi-
bility, enabling accurate estimation of reserve availability of
data centers without violating the computing constraints of
jobs with different computational features.

2) We formulate a comprehensive cross-region reserve sup-
ply model that integrates local reserve demands, reserve
transmission limits, and various reserve sources, including
thermal units, RESs, energy storage, and data centers. This
model jointly optimizes both local and cross-region reserves,
coordinating the dispatch of multiple reserve sources across
different regions and mitigating regional reserve mismatches.

3) We design a test system interconnected by optical fi-
bers and tie lines. The simulation results show that the re-
serve sources are enriched by exploiting the reserve supply
capabilities of data centers and cross-region systems. The re-
newable energy integration is improved and the fuel con-
sumption of thermal units with high marginal cost is re-
duced. In addition, we also conduct simulations on a real-
world power grid system, further demonstrating that unlock-
ing the reserve supply potential of data centers can reduce
operating costs and carbon emissions.

The rest of this paper is organized as follows. The operat-
ing and reserve supply models of data centers are proposed
in Section II. Section III formulates the comprehensive cross-
region reserve supply model considering the reserves sup-
plied by both data centers and cross-region systems. The
case study is presented in Section IV. Section V concludes
the paper.

II. OPERATING AND RESERVE SUPPLY MODELS OF DATA
CENTERS

In this section, we firstly provide an overview of data cen-
ters and outline several key assumptions. Next, we present
the basic operating models of data centers. The constraints
of computing deferrable jobs are illustrated and modeled in
detail. The formulation of reserves supplied by data centers
is then presented.

A. Overview and Assumptions of Data Centers

Data centers mainly consist of servers, energy storage, net-
working equipment, cooling systems, and other supporting
devices, which are operated and managed by cloud service
providers to execute a wide range of computational jobs.
These jobs are generally classified into two categories: non-
deferrable and deferrable [33]. Non-deferrable jobs such as
real-time stock trading and earthquake warning are highly la-
tency-sensitive and must be computed immediately upon ar-
rival. In contrast, deferrable jobs such as machine learning
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model training and log analysis can tolerate certain delays in
computation within a specific time window. By fully leverag-
ing the operational flexibility, data centers can serve as valu-
able dispatch sources for power systems, particularly in pro-
viding reserves.

To enable efficient modeling while preserving the essen-
tial features of data center operation, the following assump-
tions are made.

1) All geo-distributed data centers are connected with
each other by fibers and are coordinated by the cloud ser-
vice provider. The communication capacity among data cen-
ters and between data centers and the cloud service provider
is sufficient, ensuring timely and reliable information ex-
change.

2) Job is treated as the smallest computational unit and is
assumed to be independent. Certain jobs can be migrated
among interconnected data centers through fiber networks.
When scheduling and computing jobs, the computing con-
straints must be satisfied to avoid potential penalties such as
degradation of end-user satisfaction.

3) The cloud service provider forecasts the number and
flexibility of jobs on the day-ahead time scale and then sub-
mits dispatchable computing boundaries to the power system
operator, enabling coordinated operation between data cen-
ters and the power system.

B. Basic Operating Models of Data Centers

We assume the 7" data center located in region r € NR is
dispatched by the same cloud service provider.

The total number of non-deferrable and deferrable jobs
dispatched to all the data centers should match the schedules
determined by the cloud service provider, respectively:

NR
D NI =N
r=1

AR M
> NI, =NJ!
r=1

For each server, we assume that peak, idle, and off are the
three states. The total number of servers in all states should
equal the number of available servers of the data centers.
Meanwhile, the proportion of servers in off state is limited:

2
3)

The power demand of servers of the data centers is deter-
mined by both the number of servers in peak and idle states
and their respective power consumption:

DC,se __ peak | ppeak idle | pidle
P =nst " Pl +ns (- P

r nt

ns"* + s+ ns?’=NS,

ns?’<,, NS,

rnt—

“4)

Based on the power demand of servers, the total power
consumption of the data centers can be modeled by incorpo-
rating the energy efficiency:

Py =PUE, -p)* 5)

The number of servers in peak state is determined by the
number of computational jobs and the computing rate of
each server:

W
nsfetal\ — r

/’Lr (6)
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The accumulated number of computational jobs at time ¢
is updated by the number of computational jobs at time ¢,
and is constrained by both the minimum and maximum num-
bers of jobs that should be computed by time

]\[I.r,tzlvjntfl_*_njr,t (7)

NDr,tS]er,tSNAr,r (8)

The minimum and maximum numbers of jobs that should
be computed by time ¢ are determined by the numbers of
non-deferrable and deferrable jobs and the allowed deferra-
ble computing periods of certain deferrable jobs:

13

NDr.l: z([erzNerrJrN rl.lz) (9)
=1
NA,,= 2<NJ:{T+N ) (10)
=1
1 t+DT! <t
= ’ (11)

"0 c+DT >t

For non-deferrable jobs, the deferrable computing periods
can be assumed as zero. Constraint (8) is illustrated in

Fig. 1(a).

Job amount
Time
(a)
Job amount
sl s
-1 t Time
(®)
Fig. 1. Envelope of computing constraints of aggregated jobs presented in

general and in detail. (a) In general. (b) In detail.

The above formulations describe the basic operating mod-
els of data centers. Similar models have been employed in
existing studies [19], [20] to investigate the reserve supply
capabilities of data centers. However, these models merely
offer an abstract representation of the reserve potential of da-
ta centers and lack a quantitative assessment of their actual
reserve supply capabilities.
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To bridge this gap, we propose the reserve supply model
of data centers based on the envelope of computing con-
straints of aggregated jobs in the following subsection.

C. Formulation of Reserves Supplied by Data Centers

Due to the deferred computing characteristics of deferra-
ble tasks, Nj,, in Fig. 1(a) can be regulated, which further in-
fluences the load profile of data centers. Since the number
of computational jobs scheduled for the next time interval
can be flexibly adjusted, data centers are enabled to supply
both upward and downward reserves.

Figure 1(b) presents a zoom-in view of Fig. 1(a) from
time ¢'—1 to ¢, where the red dashed line indicates the ad-
justable range. By analyzing the detailed envelope of com-
puting constraints of aggregated jobs, the reserve supplied
by the data centers is modeled.

Given the originally scheduled Aj,, a reduction in the
number of computational jobs at time ¢ leads to a lower pow-
er demand for the data centers, indicating the capability of
such data centers to provide upward reserve res); " for the
power system:

Anj,
y .
resPCr= —LL( preak _ pide)

r

(12)

Constrained by (8), the reduced accumulated number of
computational jobs should also be limited by ND,, There-
fore, Anj,., should be constrained by:

njm—Anj;,=max(ND,,tt—er,,fl,O) (13)

Similarly, given the originally scheduled Aj,, an increase
in the number of computational jobs at time ¢ results in a
higher power demand for the data centers, implying the capa-
bility of such data centers to provide downward reserve
res’s~ for the power system:

Anj?, )
iDtcf: # ( Pfeak_ P;dle)
Constrained by (8), the increased accumulated number of
computational jobs should also be limited by NA,,. In addi-
tion, the maximum available computing capability of the da-
ta centers should always be considered. Therefore, Anj, is
determined by:

nj, o+ Anjl =min( NA, = Nj,, o, (nsts 4 nsi®)) - (15)

it

res (14)

III. COMPREHENSIVE CROSS-REGION RESERVE SUPPLY
MODEL CONSIDERING RESERVES SUPPLIED BY BOTH DATA
CENTERS AND CROSS-REGION SYSTEMS

In this section, we firstly model the operational con-
straints of thermal units, energy storage, and RESs. Next, re-
gional power balance constraints and regional reserve con-
straints considering cross-region reserve supply are present-
ed. Finally, the objective function is given.

A. Thermal Units

The power output of the thermal unit is limited by opera-
tional status, installed capacity, and the minimum power gen-
eration:
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Py, (16)

The ramping rates should not exceed the ramp-up and
ramp-down limits:

kort— kot

u tu tu u
I Pl <pt <1

tu tu tu,u
pk,r,t_pk,r,tflng,r (17)
u 1z

pk,r,t—l_pk,r,tSRZj’rd (18)

The upward reserve provided by the thermal unit is limit-

ed by operational status, installed capacity, power genera-

tion, and ramp limits, while the downward reserve is con-

strained by operational status, the minimum power genera-
tion, and ramp limits:

fu,+ __ . tu tu tu tu, u tu tu
resk,r.,l_mln(Ik.,rJPk.r_pk.r,z’Rk,r _pk‘r.l—‘rpk,r,l—l)

(19)
resi =min(pl', ~ 1% Pl REI-plt, +pl)  (20)

B. Energy Storage

The charging and discharging power of the energy storage
should not exceed the maximum charging and discharging
power limits, respectively:

0 <pes,c <pes,c,max
- - r

rt

@n

es,d es, d, max
0<p. . <p;

nt —
The stored energy of the energy storage at time ¢ is updat-

ed by the stored energy at time #—A¢, charging and discharg-
ing power, and charging and discharging efficiency:

es.d
- pr 1
es __ o ,es es.c es,c >
Ser,t - Ser.tht + n, nt es.d At (22)
r

Meanwhile, the stored energy of the energy storage is con-
strained by the minimum and maximum levels of stored en-
ergy:

SES ™" < se’ < SE ™™ (23)

The terminal stored energy should equal the initial stored
energy:

es es

sey, =sey,

= (24)
The upward reserve provided by energy storage is deter-
mined by the maximum available discharging power, the
maximum discharging power, and the charging and discharg-
ing power:
resf;sf:min(Apis;d.max’pfs,d,lnax) _p)eéld—"_ple/AlL
The maximum available discharging power of the energy
storage is constrained by the minimum stored energy level
and the stored energy at time f— At:

e _ (Sefft_At—;Efs’min)I]f (26)

Similarly, the downward reserve provided by energy stor-
age is determined by the maximum available charging pow-
er, the maximum charging power, and the charging and dis-
charging power:

(25)

es,d es,c

+pr,z P

The maximum available charging power of the energy
storage is constrained by the maximum stored energy level

es,— _ 1 es, ¢, max es, ¢, max
res —mln(Apr_, Dy )

it

27

and the stored energy at time — At:
SES™ —set,

At

es,c.max __
A rt -

(28)

C. RESs

The actual power output of RESs should not exceed the
maximum available power generation, which is determined
by both the capacity factor and installed capacity:

0 Sp;,enr Sﬁfr,t (29)
Pirni= Py (30)

The upward reserve provided by RESs is constrained by
the factor of upward reserve of RESs, the maximum avail-
able power generation, and the actual power output, while
the downward reserve is determined by the actual power out-
put:

—=re

re.+ _ rrreup _ e
resk,r.t_Fk.r pk,r.t pkﬁr,r

(31)
(32)

re,—

_ e
TeSk .t =Plr:

D. Regional Power Balance Constraints

In region r, the power demand is balanced by thermal
units, energy storage, RESs, and power transmission by
cross-region tie lines. The power balance constraints can be
expressed as:

Ntu Nre

NR
tu es,d es,c re it 1l _
Epk,r,t—’_pr,t _pr,t + zpk,r,t+ z(”l pr’,r,t_pr,r',t) -
k=1 k=1

r'=1
(33)
The transmitted power between regions »’ and r is con-

strained by the direction of power transmission and the trans-
mission capacity of tie lines:

tl i i
ng’ <[r’,rPr’,r

rort—

pre+ Pl pley

(34)

0 Sp:{rﬂt < I:.,[r’Pf{,/r'
It +Il =1 (35)
P! =P (36)

E. Regional Reserve Constraints

Both the reserve supply and demand limit the capability
of cross-region reserve supply. In regions r, the reserve re-
quirement is satisfied by both local and cross-region reserve
supply:

NR
DC basic ,sel 1 L oth
Res? - (pm +P,_";”‘) <res; "+’ zres::ﬁ’, r'#zr  (37)
r=1
NR
- DC basic -, sel ! -, oth
Res’ - (pm +P,_";”‘) <res, "+’ zresr:i’, r'#zr  (38)
r=1
For region r, the sum of local reserve and reserve dis-

patched to support other regions should be equal to the re-
serve supplied by data centers, thermal units, energy storage,
and RESs:

NR Ntu Nre
se Joth,avi DC. . e,
res’ !+ E res’ oM = pesPCt 4 E resi’ +rest + E resi”
r(r'#r) k=1 k=1

(39)
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NR Ntu Nre
—, sel —oth,avi _ DC,— tu, — es,— re,—
V@Sm + E res =res,, + E resk,m+resr,, + EV@S
k=1 k=1

rrit kot
r(r'#r)

(40)

The actual cross-region reserve supply is limited by both

available reserve supply from other regions and the reserve

transmission capability. The latter is determined by the ca-

pacity and the transmitted power of tie lines between regions
rand 7.

+o0th __ . +,oth,avi 1l 1l
r,r’,l_mln(res ’Pr.,r’_pr,rll)

[

res

(41)
(42)

( —, oth, avi

I"eS’,’ rit

—oth _ .+ 1l
min P rrit )

rrit T

res

F. Objective Function

In this paper, the comprehensive model is designed to min-
imize the fuel consumption of thermal units:
Loa  Nitu

Sk pi,

t=tg,, k=1

start K=

min

43)

IV. CASE STUDY

In this section, we conduct several simulations on both
the designed test system and a real-world power grid sys-
tem. The proposed reserve supply models could enhance re-
newable energy consumption and reduce operating costs of
these systems.

A. Test System and Scenarios

1) Test System

As shown in Fig. 2, a three-region test system is construct-
ed. Two types of thermal units, i.e., type-a and type-b, are
considered. Type-a thermal units have lower marginal costs,
while type-b thermal units have shorter minimum start-up
and shut-down time.

Region 1

Region 2

Region 3

Fig. 2. Structure of three-region test system.

In Region 1, two 229 MW type-a thermal units, two 50
MW type-b thermal units, a wind farm, and data centers
(DC,)) are installed. Region 2 consists of three 240 MW type-
a thermal units, two 50 MW type-b thermal units, and data
centers (DC,). Two 200 MW type-a thermal units, three 50
MW type-b thermal units, and a PV farm are located in Re-
gion 3. The data centers in Regions 1 and 2 are owned and
dispatched by the same cloud service provider, enabling job
migration between DC, and DC, through optical fibers. A
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200 MW tie line is built to exchange electricity between Re-
gions 2 and 3.

The basic load profiles of Regions 1, 2, and 3, as well as
the capacity factor of PV and wind farms, are shown in Fig.
3(a) [34], [35]. The PV and wind power penetrations, de-
fined as the ratio of the sum of power generation of RESs to
the total regional power demand, are set to be 36% and
22%, respectively. In Fig. 3(b), the numbers of non-deferra-
ble jobs NJ and deferrable jobs NJ and the minimum accu-
mulated number of computational deferrable jobs ND, are
presented [36]. A total of 7x10° servers are equipped in DC,,
which is 1.75 times than that in DC,. 4, is set to be 0%.

800 10.8
600 /_/\ 0.6
~ fr—" 2
: N
£ 400L [ 10.4 2
3 I -
»S \_/ &
200 102¢
0 : : : 0
01:00 4:00  8:00 12:00 16:00 20:00 24:00
Time
—Region 1; —Region 2; —Region 3
PV farm; —Wind farm
(2)
1.2¢ 1.6
—
8 0.9 1.2
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5 0.6 / 08 <
= S
2 =
£ 03 0.4
z J
0 - . . . 0
01:00 4:00 8:00 12:00 16:00 20:00 24:00
Time
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(b)

Fig. 3. Regional load profiles and capacity factor of RESs, numbers of
non-deferrable and deferrable jobs, and minimum accumulated number of
computational deferrable jobs. (a) Regional load profiles and capacity factor
of RESs. (b) Numbers of non-deferrable and deferrable jobs and minimum
accumulated number of computational deferrable jobs.

2) Scenarios

Traditionally, the reserve requirements are mainly met by
conventional thermal units and energy storage. However, as
this paper proposes, the reserves could also be supplied by
data centers and cross-region systems. To evaluate the perfor-
mance of the reserve provision from data centers and cross-
region systems, we structure the following three scenarios.

1) Scenario SO (denoted as BAU): without considering re-
serves supplied by data centers and cross-region systems.

2) Scenario S1 (denoted as DC Res): considering reserves
supplied by data centers, while cross-region reserve is not
considered.

3) Scenario S2 (denoted as DCCR_Res): considering re-
serves supplied by both data centers and cross-region sys-
tems.
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B. Simulation Results

1) Regional Upward Reserve

The supply composition and demand of regional upward
reserves are shown in Fig. 4, where “(in)” and “(out)” repre-
sent imported and exported reserves, respectively. The re-
serve demand is defined as the reserve requirements from
power loads minus the reserve provided by RESs.
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Fig. 4. Supply composition and demand of regional upward reserves. (a)
Region 1. (b) Region 2. and (c) Region 3.

(out)

In Region 1, 73.4% and 26.6% of the upward reserves are
supplied by type-a and type-b thermal units in the BAU, re-
spectively. When considering the reserve supplied by data
centers, the upward reserve supplied by thermal units de-
creases to 48.1% and 18.9% on average in the DC Res and
DCCR_Res, respectively. Meanwhile, the data centers in Re-
gion 1 contribute 32.9% of the upward reserve. The upward
reserve demand in Region 1 in the DC Res and DCCR_Res
averagely increases by 4.8% compared with that in the BAU.

In Region 2, the upward reserve is completely supplied by
type-a thermal units in the BAU. The proportion decreases
to 68.4% and 66.9% in the DC Res and DCCR_Res, respec-
tively. Meanwhile, the data center could supply 31.6% of the
upward reserve on average. In the DCCR Res, 49.3% of
available upward reserve in Region 2 is transmitted to Re-
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gion 3 as cross-region reserve supply. Unlike Region 1, the
upward reserve demand of Region 2 in the DC_Res and DC-
CR_Res decreases by 4.6% compared with that in the BAU.

In Region 3, the supply composition and demand of up-
ward reserve remain nearly unchanged in the BAU and
DC _Res. The upward reserve supplied by type-a and type-b
thermal units accounts for 82.6% and 17.4%, respectively.
The proportion decreases to 63.3% and 7.1% in the DC-
CR_Res, respectively, with Region 2 providing 29.6% of up-
ward reserve. Especially during the periods from 09:00 to 11:
00 and 13:00 to 15:00, the cross-region upward reserve ex-
ceeds 146.8% of that of local reserve. A higher upward re-
serve demand occurs in the DCCR Res during the period
from 10:00 to 16:00 due to the increased proportion of con-
sumed RESs.
2) Data Center Dispatch

Figure 5 presents the migration of deferrable jobs between
data centers in Regions 1 and 2 in the BAU and DC Res.
The deferrable job dispatch of data centers in Region 1 in
the BAU and DC_Res is shown in Fig. 6. The migration and
dispatch results of deferrable jobs are similar in the DC_Res
and DCCR_Res, as both of them consider the reserve sup-
plied by the data centers.

100
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Fig. 5. Migration of deferrable jobs between data centers in Regions 1 and

2 in BAU and DC Res.
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The deferrable jobs are almost computed by the data cen-
ters in Region 2 in the BAU. Especially during the period
from 06:00 to 21:00, the proportion of deferrable jobs dis-
tributed to the data centers in Region 2 remains 100%. In
the DC_Res, however, several deferrable jobs are migrated
to the data centers in Region 1. During the period from 14:
00 to 20:00, the ratio of migrated deferrable jobs reaches
49.1%. Meanwhile, all the deferrable jobs are migrated from
data centers in Region 2 to those in Region 1 during the pe-
riods from 06:00 to 07:00 and 10:00 to 11:00. Generally,
43.1% of the deferrable jobs are computed in Region 2 in
the DC_Res, which is 2.9 times that in the BAU.

In the BAU, the accumulated computational job curve in
Region 1 coincides with the curves of both the minimum
and maximum numbers of deferrable jobs that should be
computed. However, most of the deferrable jobs are timely
computed in the data centers in Region 1 in DC Res, mak-
ing the accumulated computational job curve approach the
curve of the maximum number of deferrable jobs that should
be computed. Therefore, large quantities of upward reserve
could be supplied by data centers in Region 1.

3) Renewable Energy Curtailment

The hourly wind power curtailment between 02:00 and 09:
00 and the hourly PV power curtailment between 10:00 and
18:00 are presented in Fig. 7. Both wind and PV power cur-
tailments are zero during other periods.
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Fig. 7. Hourly wind and PV power curtailments. (a) Wind power curtail-
ment. (b) PV power curtailment.

The wind power curtailment is the highest in the BAU,
reaching the maximum value of 29.2 MWh during the peri-
od from 04:00 to 05:00. When considering the reserve sup-
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plied by data centers, more wind power could be consumed
in the DC Res and DCCR_Res. During the periods from 04:
00 to 05:00, the wind power curtailment in the DC Res and
DCCR Res is 46.8% of that in the BAU. Especially during
the periods from 05:00 to 06:00, 06:00 to 07:00, and 07:00
to 08:00, the wind power curtailment drops to zero in the
DC_Res and DCCR_Res, while it is 12.7, 7.6, and 6.4 MWh
in the BAU, respectively.

In the BAU and DC Res, the PV power curtailment is
similar. The maximum PV power curtailment occurs during
the period from 00:00 to 13:00, reaching 90.0 MWh. In the
DCCR_Res, the test system shows the greatest ability to con-
sume PV power. During the periods from 11:00 to 12:00, 12:
00 to 13:00, and 13:00 to 14:00, the PV power curtailment
in the DCCR_Res decreases 85.2%, 30.6%, and 84.4% of
that in the BAU (or DC_Res), respectively. Furthermore, no
wind power curtailment occurs during the periods from 10:
00 to 11:00 and 14:00 to 18:00.

4) On/off Status of Type-b Thermal Units

Figure 8 shows the on/off status of type-b thermal units in
Regions 1 and 3 in three scenarios. All the type-b thermal
units in Region 2 remain off during the whole period.

In Region 1 in the BAU, one type-b thermal unit becomes
on to provide both electricity and reserve from 09:00. Anoth-
er type-b thermal unit starts up at 13:00. Both the two type-
b thermal units remain on till 24:00. In the DC Res and DC-
CR_Res, however, no type-b thermal unit is on during the
period from 09: 00 to 12: 00, when the absent electricity
would be supplied by type-a thermal units and the absent re-
serve would be provided by data centers.

In Region 3, one type-b thermal unit starts up at 13:00,
and then another two type-b thermal units start to provide
electricity and reserve from 16:00 in the BAU. The three
type-b thermal units remain on till 22: 00. Because fewer
jobs are computed in the data centers in Region 2 in the
DC_Res, more electricity could be transmitted from Region
2 to Region 3 through the tie line during the period from 16:
00 to 23:00. The additional transmitted electricity compen-
sates for part of the power generation of type-b thermal
units in Region 3, reducing the number of type-b thermal
units that are on during the periods from 16:00 to 17:00 and
20:00 to 21:00. Furthermore, the number of type-b thermal
units that are on in Region 3 decreases during the period
from 13:00 to 18:00 in the DCCR_Res compared with that
in the DC_Res. The corresponding reserve reduction is com-
pensated by Region 2 through the tie line.

5) System Operation

The operating cost, renewable energy curtailment, and
power generation of type-a and type-b thermal units in the
test system are listed in Table 1.

The operational cost is reduced by 0.5% and 1.7% in the
DC _Res and DCCR_Res compared with that in the BAU, re-
spectively. Meanwhile, the renewable energy curtailment
drops by 9.1% and 72.7%, respectively. The power genera-
tion of type-a thermal units is almost the same in the three
scenarios. In the DC_Res, the power generation of type-b
thermal units decreases by 14.3% compared with that in the
BAU. An additional 11.9% decrease in the power generation
is achieved in the DCCR_Res.
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Fig. 8. On/off status of type-b thermal units in Regions 1 and 3 in three
scenarios. (a) In Region 1 in BAU. (b) In Region 3 in BAU. (c) In Region
1 in DC_Res. (d) In Region 3 in DC Res. (¢) In Region 1 in DCCR_Res.
(f) In Region 3 in DCCR_Res.

TABLE I
OPERATING COST, RENEWABLE ENERGY CURTAILMENT, AND POWER
GENERATION OF TYPE-A AND TYPE-B THERMAL UNITS IN TEST SYSTEM

i Renewable Power generation (GWh)
Scenario Operating energy
cost ()  curtailment  Type-a thermal Type-b thermal
(MWh) unit unit
BAU 166400 463.5 27.7 983.9
DC_Res 165600 421.6 27.9 843.0
DCCR_Res 163500 126.7 27.7 743.0

C. Simulation on Eastern Inner Mongolia Power Grid Sys-
tem

To further validate the effectiveness and practicality of the
reserve supply model for data centers, an additional case

study is conducted based on the real-world eastern Inner
Mongolia power grid system.

This system considers 45 thermal units with a total in-
stalled capacity of 18.1 GW, and the installed capacities of
wind and PV reach 20.3 GW and 4.8 GW, respectively. In
addition, energy storage, biomass generation, and hydropow-
er are included, each contributing relatively small capacities
compared with the dominant generation sources. The num-
bers of data center servers and jobs are scaled up to match
the system load profile. In this simulation, data centers ac-
count for approximately 6.0% of the total electricity con-
sumption.

Figure 9 presents the hourly power balance of the real-
world eastern Inner Mongolia power grid system considering
data centers in BAU and DC_Res, and Table II summarizes
operating costs, renewable energy curtailments, power gener-
ations of thermal units, and CO, emissions.
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Fig. 9. Hourly power balance of real-world eastern Inner Mongolia power
grid system considering data centers in BAU and DC Res. (a) BAU. (b)
DC Res.

TABLE 11
OPERATING COSTS, RENEWABLE ENERGY CURTAILMENTS, POWER
GENERATIONS OF THERMAL UNITS, AND CO, EMISSIONS OF REAL-WORLD
EASTERN INNER MONGOLIA POWER GRID SYSTEM

. Renewable Energy Electricity Co,
. Operating . . i
Scenario cost ($) curtailment generation emission
(GWh) (GWh) (kt)
BAU 3843100 345 138.9 114.6
DC_Res 3828000 339 138.4 114.4

Compared with the BAU, the DC Res has shorter dura-
tions of renewable energy curtailment. The maximum hourly
curtailed renewable energy generation decreases from 8.0
GWh to 7.8 GWh, and the total curtailed energy decreases
from 34.5 GWh to 33.9 GWh. The power generation of ther-
mal units drops by 0.5 GWh to 138.4 GWh, leading to a 0.2
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kt reduction in CO, emissions. The operating cost decreases
by 0.4%, reaching $3828000.

V. CONCLUSION

In this paper, we firstly propose the basic operational con-
straints of data centers and aggregate the computing con-
straints of various jobs. By analyzing the computing enve-
lope for aggregated jobs, we formulate the available reserve
capacity supplied by data centers. We then present the oper-
ating models of thermal units, energy storage, RESs, and re-
gional power grid systems, as well as the objective function.
The regional reserve constraints of multi-region system dis-
patch are emphasized, which consider both the local reserve
demands and cross-region reserve supply. Finally, both a de-
signed test system and a real-world power grid system are
employed for simulation.

Notable benefits could be produced through utilizing re-
serves from data centers and cross-region systems. The dis-
patch of computational jobs among geo-distributed data cen-
ters and the composition of regional reserve supply have sig-
nificant changes. The extreme concentration of deferrable
jobs among multiple data centers is mitigated. Meanwhile,
the deferrable jobs tend to be computed timely to provide up-
ward reserves. Thermal units with high marginal costs oper-
ate for shorter periods, resulting in fewer reserve supply. The
renewable energy integration is improved by 72.7% and
1.7%, along with a 1.7% and 0.4% reduction in operating
costs, in the designed test system and the real-world power
grid system, respectively.

In our future work, the uncertainty of computing requests,
as well as the interdependencies between jobs, data locality
issues, and job heterogeneity, will be incorporated to better
reflect the operational realities of data centers. Meanwhile,
the reserve supply capability of energy storage systems con-
figured within data centers will also be investigated to fur-
ther improve the operational flexibility of data centers.
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