
Applied Energy 203 (2017) 816–828
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/ locate/apenergy
Chronological operation simulation framework for regional power
system under high penetration of renewable energy using
meteorological data
http://dx.doi.org/10.1016/j.apenergy.2017.06.086
0306-2619/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: liaoshiwu@gmail.com (S. Liao), w.yao@hust.edu.cn (W. Yao),

xingning.han@gmail.com (X. Han), jinyu.wen@hust.edu.cn (J. Wen), sjcheng@hust.
edu.cn (S. Cheng).
Shiwu Liao, Wei Yao ⇑, Xingning Han, Jinyu Wen, Shijie Cheng
State Key Laboratory of Advanced Electromagnetic Engineering and Technology, School of Electrical and Electronic Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China

h i g h l i g h t s

� A three-step chronological operation simulation framework (COSF) is proposed.
� The COSF generates wind and solar output profiles with meteorological data.
� Time-domain partitioning and a roll-back mechanism are used to improve the efficiency of COSF.
� Simulation results verify the accuracy and computation efficiency of the COSF.
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Chronological operation simulation (COS) is an essential tool for planning and analyzing power systems
under high penetration of renewable energy. Conventional COS methods heavily depend on the availabil-
ity of renewable power output data to obtain accurate results, and often require hours or even days of
computational time while the sequential simulation could easily get infeasible for power systems with
intensive flexibility. To cover the absence of output data for newly proposed wind and solar projects
and accelerate the computation speed, this paper proposes a novel COS simulation framework for regio-
nal power systems with high penetration of renewable energies using meteorological data. The proposed
simulation framework consists of the following three steps: data preparation, modeling and solving, and
result output. In the data preparation step, wind, solar power output profiles and heat demands are con-
verted from public accessible meteorological data. Then in the modeling and solving step, a unit commit-
ment based COS model for simulating the hourly operation of power and heat sectors is proposed, and the
proposed model is solved with a time domain partitioning (TDP) and a rollback mechanism to accelerate
the computation speed as well as avoiding infeasible solutions. The accuracy of the wind and solar power
output converted from meteorological data is verified through comparing with measured power output.
Moreover, the feasibility and accuracy of utilizing the proposed COS framework to simulate the operation
of a real regional power system is also verified through the 2015 annual operation statistics of the
Northwest China Grid.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

As a major solution to curb the CO2 emission, renewable energy
is developing rapidly all over the world. In 2015, 63 GW wind and
50 GW solar were installed over the globe [1–3], which was
unprecedented for the wind and solar industry. To achieve the
target set in the COP21 of keeping global warming less than 2 �C
above the preindustrial level [4], renewable energies such as the
wind and solar will continue to grow rapidly. Therefore, evaluating
the potential of renewable energy has become a key area of inter-
est within energy planning and policy making. A crucial element in
the development of renewable energy is often to show coherent
technical analyses of how renewable energy can be implemented,
and how the renewable energy affects other parts of the energy
system. Such analyses require simulation methods that can give
answers to these issues by modeling the operation of the energy
systems [5,6].
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Incorporating large amounts of intrinsically variable renewable
power will heavily affect the chronological operation of power sys-
tems. On the other hand, the intra-interval characteristics of power
system operation will also restrict the integration of renewable
energy. Therefore, among all methods developed for analyzing the
renewable energy integration in energy systems, chronological
operation simulation (COS) is an essential tool because it could sim-
ulate the chronological interactions between the renewable gener-
ations and the power system [7]. The COS simulates the operation
of energy systems by finding the least-cost solution of generating
sufficient energy to meet demand in a sequential way, namely year
around operations are simulated by consecutively running
short-term simulations (e.g. daily or weekly simulations) to find
the optimal solution for each time interval given the solution of
the previous time interval. The solution is constrained by transmis-
sion limits, generator operation characteristics (e.g., startup costs,
ramp rates, and maintenance outages), and reserve requirements
to meet intra-interval generation-demand imbalances. Typically,
COS is used to simulate operations on an annual horizon to capture
the seasonal variability of load and renewable resource. As illus-
trated in Fig. 1, COS is widely adopted by all participants of the
power system construction, operation and administration. With
the growing penetration of renewable energy in power systems, it
is essential to have an accurate and reliable COS framework to
quantify the generation potential and grid-accommodation poten-
tial of proposed renewable projects or pledged renewable targets.
Currently, computer tools like BALMOREL and EnergyPLAN are
widely adopted to carry out the COS [8–10], and plenty of
researches about the renewable integration are performed based
on the COS [11–15]. Although these tools and researches provide
a feasible way of adopting COS to analyze the renewable integration
in power systems, current COS methods still have two bottlenecks
constraining their applications in analyzing planned renewable
projects or evaluating future energy targets, and in simulating
large-scale power systems with very intensive flexibilities.

For the COS, renewable power output profiles are required
[16,17]. However, for newly proposed projects or future renewable
targets, no historical renewable power output data are available.
Moreover, the historical wind and solar power outputs with high
temporal resolution are not made public at most places in the
world. Hence, how to obtain wind and solar power output from
alternative data sources is important for COS of regional power
system integrated high penetration renewable energy.

Besides the heavy dependence on renewable output data, the
computation efficiency is also a bottleneck for the COS. Owing to
the large number of generators in regional grids, the computation
of a sequential COS still could take several hours or even a few days
Chronolog
Operation Sim

(COS)

Policy ma

Utilities, ISOs, RTOs

R

r

Planning
reference

Administrate

Affec

Fig. 1. Applications of CO
[18,19]. In addition, caused by the intensive flexibility of power
systems with renewable energy deeply penetrated, the sequential
simulation could easily get infeasible solutions at any time interval
during the annual simulation [20,21], then there will be no com-
plete COS results available for applications.

To address the bottlenecks of renewable output profile depen-
dence and computation efficiency in the COS, this paper proposes
a simulation framework that obtains wind and solar output from
public accessible meteorological data and simulates the annual
operation of regional power systems fast and reliably. The pro-
posed framework consists of three steps: data preparation, model-
ing and solving, and result output. In the data preparation step, a
public accessible meteorological database, which provides hourly
wind speed, surface irradiance, and surface temperature data, is
adopted to obtain the hourly wind, solar power output, and the
heat load for combined heat and power (CHP) units. After all input
data are prepared, the modeling and solving step proposes a COS
model for simulating the hourly operation of combined power
and heat sectors, and adopts a time domain partitioning (TDP)
method and a rollback mechanism to simulate the year around
operation. With the proposed COS model and solving strategy,
the computation speed is significantly accelerated and infeasible
results can be avoided. After the modeling and solving step gets
finished, results from all parallel processes are combined in the
result output step. The accuracy of wind and solar output profiles
converted from meteorological data is verified through comparing
with the measured output from practical wind and solar projects.
And the COS result of Northwest China Grid in 2015 obtained from
the proposed framework is verified in good consistency with the
statistical data released by China National Energy Administration
(NEA) [22,23] and the State Grid Corporation of China [24]. Com-
pared with existing studies, the main contributions of this paper
are four folds:

� A novel COS framework for analyzing the integration of renew-
able energies into power and heat systems is proposed. Com-
pared with the existing COS tools, the proposed framework
can analyze newly proposed renewable projects and future
energy targets accurately, and can avoid infeasibility and reduce
the computation time for analyzing large-scale power systems
with very intensive flexibilities. Moreover, the proposed frame-
work can be used to investigate the potential renewable curtail-
ments in the future and to aid the selection of techniques for
reducing the curtailments.

� A method that can obtain wind, solar power output and heat
load for CHP units from public accessible meteorological and
geographical database is proposed, which makes the proposed
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framework be capable of simulating the operation of power sys-
tems with proposed renewable projects or future renewable
targets.

� A COS model is proposed to simulate the hourly operation of
combined power and heat sectors, in which the power system
is partitioned into subsystems to decrease themodel complexity
and improve the computational efficiency. Moreover, a solving
acceleration strategy consisting of a rollback mechanism and a
time domain partitioning (TDP) method is proposed to acceler-
ate the computation speed and guarantee feasible results.

� The feasibility and accuracy of the proposed COS framework
adopted to simulate the operation of a practical power system
are verified by comparing the simulation results of Northwest
China Grid in 2015 with official statistics. The comparison
results reveal that the difference between the simulation results
obtained from the proposed framework and the practical oper-
ation statistics is less than 6.8%.

The rest of this paper is organized as follows. In Section 2, the
structure of the proposed COS framework for the regional power
system is introduced. To demonstrate the proposed COS frame-
work in detail, the data preparation step and modeling and solving
step are elaborated in s 3 and 4, respectively. The process of adopt-
ing the proposed framework to simulate the operation of North-
west China Grid (NWCG) in 2015 and verification of the
simulation results are presented in Section 5. Conclusions are
drawn in Section 6.
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2. Structure of the proposed simulation framework

To relieve the conventional COSs from heavily depending on
historical wind and solar output data and to accelerate simulation
speed, this paper proposes a framework for COS consisting of three
steps: data preparation, modeling and solving, and result output.
The structure of the proposed simulation framework is illustrated
in Fig. 2. The three steps are introduced in detail as follows:

� Step I: Data Preparation. In this step, wind and solar output pro-
files, heat load for CHP units, parameters of conventional gener-
ators, load forecasts and inter-regional transmission data are
prepared for the next step. Among all data prepared in this step,
wind, solar power output and heat load are converted from
public accessible meteorological data, population distribution
data and administration area data. The power system is parti-
tioned into sub-systems at critical tie-lines.

� Step II: Modeling and Solving. Based on the data prepared in Step
I, a COS model for simulating the operation of combined power
and heat sectors is formulated. Then a rollback mechanism is
proposed to avoid infeasible results during simulating the oper-
ation of all months in parallel.

� Step III: Result Output. In this step, monthly simulation results
are combined as annual simulation results, so that hourly and
annual total wind & solar accommodation results, the operation
of conventional generations, fuel consumption and flexibility
adequacy can be outputted for different analyzing purposes.
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3. Data preparation

3.1. Converting from meteorological data to the wind and solar power
output

In literature, meteorological data is frequently adopted for
assessments of renewable resources [25–34]. Moreover, several
researches use the meteorological data to model the hourly power
output of renewable generations [35–37]. All these researches ver-
ified the feasibility of utilizing meteorological data to evaluate the
resource potential and model the hourly power output of renew-
able energies. However, comprehensive methods of calculating
the wind, solar power output and heat load for the COS with mete-
orological data geographic data still need further exploration.

Here we adopt the meteorological data obtained from the Mod-
ern Era Retrospective Analysis for Research and Applications
(MERRA) database [38] to obtain the wind and solar power output.
The MERRA provides the reanalysis of global meteorological data
from 1979 to the present at an hourly temporal resolution and a
1/2� latitude � 2/3� longitude spatial resolution. Within the
MERRA database, the dataset of surface radiation flux and bound-
ary layer flux provides surface solar irradiance and wind speed at
10 m and 50 m above the surface, respectively.

3.1.1. Obtaining wind power output
Most wind turbines are operating at hub heights of more than

60 m, but the MERRA only provides wind speed data at 10 m and
50 m above the surface, so the wind speed at designated hub
height need to be extrapolated from 10 m and 50 m data. Assume
a hub height of hx, the wind speed at hub height can be calculated
with the Least Square Power Law [25] as follow,

Vx ¼ VR
hx

hR

� �aLS

ð1Þ

where Vx denotes the wind speed at hub height, VR is the reference
wind speed at reference height hR. aLS is the LS friction coefficient,
which can be calculated as

aLS ¼
PN

i¼1 ln
Vi
VR

� �
ln hi

hR

� �
XN
i¼1

ln hi
hR

� �2
ð2Þ

Here, Vi denotes the wind speed at height hi, N is the total num-
ber of available wind speed data at heights other than hR, since we
only have 10 and 50 m data, if we take 50 m data as reference, then
we have only one extra wind speed data, namely N is 1.
Fig. 3. The power curve of Goldwi
With the extrapolated wind speed data at the hub height, the
wind power output can be calculated with the power curve of
specific wind turbines, followed are the power curve of the Gold-
wind GW82/1500 1.5 MW wind turbine [39–40] shown in Fig. 3.

3.1.2. Obtaining solar power output
With the surface incident shortwave flux and surface tempera-

ture obtained from the MERRA surface flux database, the solar
power generated from solar PV panels under maximum power
point tracking (MPPT) mode at time t could be calculated with:

PSðtÞ ¼ CS � It
1000

� 1þ c � ðTðtÞ � 25Þ½ � ð3Þ

where Tt is the surface temperature (�C). CS is the installed capacity
of the solar farm. c denotes the power correction factor for temper-
ature, taking the value of �0.005691 �C�1 for PV panels made with
multi-crystal Si modules [41]. It denotes the incident irradiance (W/
m2) on PV panels, it can be calculated by projecting the surface inci-
dent shortwave flux Is to the normal direction of PV panels installed
with a leaning angle of b as following:

It ¼ Is sinðbþ /� dÞ ð4Þ
Here / is the latitude of the PV panels installed location. The

best leaning angle b for all Chinese cities can be calculated with
[42] or obtained from [43], d is the declination angle of the Sun,
for the n-th day of the year, it can be calculated as [44]:

d ¼ 23:45� � cos 2p
365

� ðnþ 10Þ
� �

ð5Þ
3.2. Obtaining heat load with meteorological data, population
distribution and administration area data

District heating is widely adopted for heat supply all over the
world. Among all district heating facilities, combined heat and
power (CHP) generation unit is the most efficient one because it
could generate heat and electricity simultaneously. However,
CHP plants often operate at nearly full capacity to meet the heat
demand in winter, which means they also generate electricity at
nearly full capacity. Therefore, their presence not only lowers the
residual load for wind, but also reduces the flexibility of the ther-
mal generation fleet to accommodate the variable wind output.
As a result, severe wind curtailment occurs at the cold winter time.

Due to the significant impact of CHP generation on renewable
integrated power system operation, it is important to simulate
the operation of CHP units accurately, which requires accurate
chronological heat load data. Since heat demand is usually
nd GW81/1500 wind turbine.
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balanced within each city, here we adopt the MERRA surface tem-
perature data and population distribution data to calculate the
heat load for each city.

Hourly heat load is determined by the difference between
indoor and outdoor temperatures. Regional building codes require
that indoor temperatures be maintained at a minimum of 18 �C
[45]. The hourly ambient temperature is averaged for each city
using surface skin temperature derived from MERRA grid cells,
weighted by each cell’s population density derived from Gridded
Population of the World (GPW), v4 [46]. The administration
boundary of each city is obtained from [47]. Since CHP units pro-
vide only hot water for heat supply and must be balanced within
each city, the hourly heat load of the k-th city ðqkÞ is calculated
by the following equations:

Qk ¼
Z

qkðtÞ ð6Þ

qkðtÞ ¼
Ck � 18�Tr;kðtÞ

18�Tf ;k
if Tr;kðtÞ < Tf ;k

Ck elsewise

(
ð7Þ

where Qk and Ck denote total supplied hot water and heating capac-
ity of hot water in city k, respectively, which can be derived from
the China Urban Construction Statistical Yearbook [48]. Tr;kðtÞ and
Tf ;k represent the real ambient temperature and the full-load
threshold temperature in the k-th city. Here qkðtÞ and Tf ;k are the
variables to be solved from Eq. (6) and (7).

3.3. Partitioning the power system into sub-systems at critical tie-lines

Normally, transmission constraint of the power grids, including
static and dynamic, is one of the major reasons for renewable cur-
tailments. However, the constrained transmission lines are only a
small portion of the entire power grid. In order to reduce the com-
plexity of the COS model and accelerate the simulation speed, the
power grid can be partitioned into several sub-systems at the con-
strained transmission lines, namely the critical tie-lines. After that,
the transmission constraints within each sub-system are ignored,
while the transmission constraints between different sub-
systems are still kept in the model.

4. Modeling and solving

4.1. Modeling the power system operation

For a given partitioned regional power system consisting of K
sub-systems, the COS framework have to provide an optimal
schedule for various generation resources to satisfy both electricity
and heat demands with minimum operation costs. Hence, a rigor-
ous unit commitment model, represented as a mixed-integer linear
programming (MILP), is adopted in the proposed framework to
simulate the hourly operation of renewable-integrated sub-
systems over a long-term horizon. To promote the renewable
accommodation, penalties on the curtailments of renewables are
considered. The objective consists of generators’ production costs
CG
i ðtÞ, start-up costs CSU

i ðtÞ, and shutdown costs CSD
i ðtÞ, as well as

the penalty of curtailments on solar and wind power. The objective
function is represented in Eq. (8).

min F ¼
XK
k¼1

XH
t¼1

X
i2Gk

CG
i ðtÞ þ CSU

i ðtÞ þ CSD
i ðtÞ

h i

þ hS
XK
k¼1

XH
t¼1

�pS;kðtÞ � pS;kðtÞ
� �þ hW

XK
k¼1

XH
t¼1

�pW ;kðtÞ � pW;kðtÞ
� �

ð8Þ
where Gk denotes the total number of generators in k-th sub-
system, H is the total horizon of the simulation, for example, H is
8760 for a year-around simulation on the hourly basis. hS, hW are
penalty coefficients for unit curtailed solar and wind power, respec-
tively. pS;kðtÞ, pW;kðtÞ are hourly consumed solar and wind power at
time t in subsystem k; �pS;kðtÞ, �pW;kðtÞ are hourly available solar and
wind power derived from meteorological data. The production cost
ðCG

i ðtÞÞ is modeled as a piecewise-linear function of hourly power
output of generator i to approximate the quadratic cost function
[49]. The start-up and shutdown costs are modeled as linear func-
tions of unit commitment states with the same formulation in [49].

All constraints are listed as follows.
(1) Power balance constraint ensures the sum of all types of

generation is equal to total load power pL
t at each time interval.X

i2Gk

pG;iðtÞ þ pW;kðtÞ þ pS;kðtÞ þ TI;kðtÞ � TO;kðtÞ ¼ pL;kðtÞ 8 t; k ð9Þ

where pG;iðtÞ is the hourly power output of generator i 2 Gk at time t.
TI;kðtÞ, TO;kðtÞ are the imported and exported power at time t through
transmission lines connected to sub-system k, respectively.

(2) Reserve requirement constraint ensures a minimum
amount of spinning reserve to keep the operation of each sub-
system against unexpected contingency and forecast errors for
the security.X
i2Gk

uiðtÞ�pG;i � pG;iðtÞ
� �

P RkðtÞ 8 t; k ð10Þ

where uiðtÞ denotes the binary commitment state of generator
i 2 Gk at time t, which takes 1 if generator i is online at time t,
and 0 for the offline status; and �pG;i denotes the maximum power
output of unit i 2 Gk at time t. The spinning reserve requirement
at time t, RkðtÞ can be calculated by

RkðtÞ ¼ rL;kpL;kðtÞ þ rW ;k�pW ;kðtÞ þ rS;k�pS;kðtÞ 8 t; k ð11Þ
where rL;k, rW;k, rS;k are the reserve coefficients for load, wind, and
solar power, respectively.

(3) Generation range constraint presents the physical opera-
tional limit for the power output of each online generator at each
time interval.

uiðtÞpG;i 6 pG;iðtÞ 6 uiðtÞ�pG;i 8 ; i ð12Þ

where pG;i is the minimum output limit of generator i 2 Gk.
(4) Ramping constraint limits the change of power output

from each online generator between adjacent time intervals.

pG;iðtÞ � pG;iðt � 1Þ 6 rU;i�pG;i þ N½1� uiðt � 1Þ� þ N½1� uiðtÞ� 8 t; i

ð13Þ

pG;iðt � 1Þ � pG;iðtÞ 6 rD;i�pG;i þ N½1� uiðt � 1Þ� þ N½1� uiðtÞ� 8 t; i

ð14Þ
where rU;i, rD;i denote upward and downward ramping rates of gen-
erator i 2 Gk. N is a large constant, enforcing the effectiveness of
ramping limits when uiðtÞ ¼ uiðt � 1Þ ¼ 1.

(5) Power output constraint for start-up and shutdown
events. If generator i 2 Gk is going to start or shut down at time
t, the power output will be constrained by (15) or (16),
respectively.

pG;iðtÞ 6 sU;i�pG;i þ Nuiðt � 1Þ 8 t; i ð15Þ

pG;iðtÞ 6 sD;i�pG;i þ Nuiðt þ 1Þ 8 t; i ð16Þ
where sU;i, sD;i denote the maximum output ratio of start-up and
shutdown events for generator i 2 Gk.
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(6) Minimum online and offline time constraints guarantee
that each generator must be kept online or offline for at least a
given time interval after it being started up or shut down.

XtþTU;iðtÞ�1

s¼t

uiðsÞ P TU;iðtÞ½uiðtÞ � uiðt � 1Þ� 8 t; i ð17Þ

XtþTD;iðtÞ�1

s¼t

½1� uiðtÞ� P TD;iðtÞ½uiðt � 1Þ � uiðtÞ� 8 t; i ð18Þ

where TU;iðtÞ, TD;iðtÞ are given as,

TU;iðtÞ ¼ minfMU;i; T � t þ 1g
TD;iðtÞ ¼ minfMD;i; T � t þ 1g ð19Þ

MU;i, MD;i are the required minimal up and down time of generator
i 2 Gk. If generator i 2 Gk has already been online or offline for sev-
eral hours in the initial status, the online and offline time con-
straints for the initial condition are represented as following:

uiðtÞ ¼ ui0 8 i; t 2 ½1; Ti0�

Ti0 ¼
MU;i � Ui0; if ui0 ¼ 1

MD;i � Dio; if ui0 ¼ 0

(
ð20Þ

where Ui0 and Di0 are the initial online and offline hours for gener-
ator i 2 Gk respectively.

(7) Renewable generation constraint ensures the hourly solar
and wind power output cannot exceed the available amount lim-
ited by the resources.

0 6 pS;kðtÞ 6 �pS;kðtÞ 8 t:k ð21Þ

0 6 pW;kðtÞ 6 �pW ;kðtÞ 8 t; k ð22Þ
where pS;kðtÞ < �pS;kðtÞ and pW;kðtÞ < �pW;kðtÞ imply curtailment of
solar and wind power respectively.

(8) Inter-system transmission constraint ensures the electric
power transferred between sub-systems is limited by the trans-
mission capacity determined by both static and dynamic stability
requirements.

��pjiðtÞ 6 pijðtÞ 6 �pijðtÞ 8 i; j; t ð23Þ
where pijðtÞ is the power exchanged through the tie-lines connect-
ing sub-system i with sub-system j, �pijðtÞ and �pjiðtÞ are the available
transmission capacity from sub-system i to sub-system j and from j
to i considering requirements of static and dynamic stability,
respectively.

(9) Heat load balance constraint guarantees the heat demand
at each time interval in each city is supplied by CHP generators
within the city.X
i2CHPm

hiðtÞ ¼ qkðtÞ 8 t;m ð24Þ

where hiðtÞ is the heat generated by the i-th CHP generation unit at
time t, CHPm is the set of all CHP generation units in the m-th city.

(10) Operation range constraint for CHP generation units
during the heating season defines the feasible operation range
of CHP units, which is formulated as (25) and (26). As illustrated
in Fig. 4, the maximum electric power output of CHP generation
unit i is constrained by both the generation capacity and the max-
imum steam inflow to the high-pressure cylinder. Constrained by
the constant total energy input, the maximum power output
decreases as the heat output increases. The lower bound of electric
power output is limited by the minimummain steam inflow which
is required to ensure the safety of the coal-fired boiler and the low-
pressure cylinder.
pG;iðtÞ 6 aihiðtÞ þ bi 8 t; i ð25Þ

pG;iðtÞ P cihiðtÞ þ di 8 t; i ð26Þ
4.2. Solving the simulation model with time domain partitioning and
rollback mechanism

The meteorological data converting method and unit commit-
ment model proposed above provide a feasible way to simulate
power systems with high penetration renewable energy. However,
due to the large number of generators in regional power systems,
there could be tens of millions of variables and constraints in the
model for an annual simulation, making the annual simulation
hardly be solved through a single computation. Therefore, sequen-
tial simulation method is widely adopted to reduce the computa-
tional complexity for annual simulations. With the sequential
simulation method, the annual simulation could be solved sequen-
tially on a daily or weekly basis. However, when the power system
has very low flexibility, namely the ramping speed is not suffi-
ciently abundant and/or generators need too many time to start
up and shut down, the initial condition of one horizon decided
by the simulation of the previous horizon could lead to generators
unable to follow the load. Thus, this horizon does not have feasible
operation choices to safely supply the load. As a result, adopting
traditional tools to carry out the year-around simulation in power
systems with low flexibility could easily be infeasible at any time,
and the long-term simulation will be terminated. To address the
infeasible problem in the traditional sequential simulating method,
this paper proposed a rollback mechanism to avoid the simulation
being terminated by infeasible solution without sacrificing the
computation time. The block diagram for the proposed rollback
mechanism illustrates in Fig. 5. For a sequential simulation with
the time interval of each n-day, the key idea of the proposed roll-
back mechanism consist of the following steps (m is set to 0
initially):

Step 1: set the state of last hour in day k �m � 1 as the initial
state, simulate the operation of day k �m to k + n;
Step 2: if the simulation of day k �m to day k + n is feasible,
save the simulation result; if the simulation is infeasible, roll
back 1 day, i.e. let m =m + 1 and jump to step 1;



Start
k=1

Take the end state of day k-m-1 as initial 
conditions, simulate day k-m to day k+n

Save the simulation result of 
day k-m to day k+n

Simulation is feasible ?

Yes
No

k+n K ?

Let k=k+n

Yes

No

End

Let m=m+1

Output the simulation result of 
full time horizon

m=0

Fig. 5. Block diagram of the rollback mechanism.
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Step 3: if day k + n is the last day of the simulation horizon, ter-
minate the sequential simulation and output the simulation
result of the full simulation horizon; otherwise, let k = k + n,
m = 0 and jump to step 1;

The above-mentioned rollback mechanism could be effective in
dealing with possible infeasible solutions in the year-round simu-
lation. Due to the large amount of integer variables in the model,
the year-round simulation of a large-scale power system can still
take several days or even weeks to compute. To speed up the sim-
ulation, a time domain partitioning method is proposed to parti-
tion the complete simulation horizon into several sub-horizons.
Thus, the sub-horizons can be solved in parallel. However, the
inter-temporal connections between adjacent partitioned horizons
is ignored in the simulation, which may lead to simulation results
not in integrity. Since the effects of enforcement in earlier time
Jan
Feb

Apr
May

Jun

Annual simulat

Simulation
Start

Mar

Overlap
Period of 

5 days

Fig. 6. Illustration of partitioning the annual simulation h
intervals are likely to diminish after a few days of overlap periods
[50], a small overlap between adjacent sub-horizons could effec-
tively improve the integrity of the annual result. Therefore, to trade
off the computational time with the integrity of the annual simu-
lation result, this paper divides the annual simulation horizon into
12 separate months with an overlap period of 5 days between each
two adjacent sub-horizons. The adopted time domain partitioning
method is demonstrated in detail in Fig. 6.
5. Case studies

5.1. Verification of the converted wind power output

The proposed wind power output converting method provides a
possible way to obtain the wind power output of any wind farm
with meteorological data and location of the wind farm. To verify
the accuracy of the proposed wind power output data converting
method, the measured wind power output data from a standard
wind turbine Woniushi wind farm (located in Liaoning Province,
China) is adopted to examine the output converted from meteoro-
logical data. The wind turbine installed in Woniushi wind farm is
UP82-1.5 MW turbine manufactured by Unionpower, all turbines
were installed at the hub height of 65 m. Here we take the wind
speed from the grid cell that the wind farm located into calculated
the wind speed at 65-m height, and then convert the calculated
wind speed to the wind power output with the turbine’s power
curve. The measured and calculated wind power output from July
2 to July 15 are shown in Fig. 7. It can be seen that the calculated
output well captures the major patterns of wind power, and only
misses the wind power variations within 6 h. In the plotted two
weeks, the measured generated wind electricity is 219.77 MWh,
while the calculated electricity is 207.02 MWh, with only 5.8% rel-
ative error. Since the proposed method is aimed at simulating the
long-term power system operation, usually in several months or an
entire year, the wind power output converted from meteorological
data should be accurate enough for long-term operations.

5.2. Verification of the converted solar power output

To verify the proposed solar power output converting method,
the measured data from Changma Solar farm (located in Gansu
Province, China) is adopted to compare with the output converted
from meteorological data. Fig. 8 compares measured solar power
output from July 2 to July 29 in 2013 with the calculated data. In
the plotted three weeks, the measured solar electricity is
Jul
Aug

Sep
Oct

Nov
Dec

ion horizon

orizon into monthly partitions with overlap periods.



Fig. 7. Comparison of measured wind power output with the converted output.

Fig. 8. Comparison of measured solar power output with the converted output.
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1183.65 MW h, while the calculated electricity is 1255.8 MW h,
with only 6% relative error. Similar to the conclusion in [35], the
converted solar power output well captured the intra-day and
inter-day patterns of practical solar power output, which verifies
that converting the solar power output from meteorological data
is feasible and accurate enough for the long-term operation simu-
lation of power systems.

5.3. Analyzing the characteristics of the heat load for CHP units

China’s coal-heavy power system is often regarded as the main
reason of severe wind curtailments [51]. A conventional coal-fired
power plant can only operate at power outputs above 50% of its
rated capacity, and it takes several hours for a plant to recover from
a cold start [52]. Hence, coal-fired power plants have very limited
flexibility to accommodate to intrinsically variable wind power.
The situation in Northern China during winter is exacerbated fur-
ther by the conflicts between favorable wind and inflexible com-
bined heat and power (CHP) generation [53].

By adopting the proposed method to calculate the heat load in
Xi’an city (the capital city of Shaanxi Province) and assuming all
CHP units within the city equally share the heat load, the heat load
and power output range of a typical 300 MW CHP unit between Jan
1 and Jan 14 is shown in Fig. 9. It can be found that, the heat load
has a regular pattern of lower at day time and higher at night time.
In addition, the variation in heat load will lead to changes in the
range of electrical power output, and will lead to narrower electri-
cal power output ranges at nights. However, the wind is most
favorable in winter nights, while the flexibility of the power system
is the worst in the year. As a result, severe wind curtailment occurs
exactly when the potential wind output would otherwise be great-
est in the year.

5.4. Verification of the simulation framework with Northwest China
Grid

To demonstrate the complete process of adopting the proposed
framework to simulate power system operations and to verify the
accuracy of the simulation results, the Northwest China Grid
(NWCG) is adopted for the case study. As shown in Fig. 10, NWCG
is composed of 5 provincial grids: Shaanxi, Gansu, Qinghai, Ningxia
and Xinjiang, which covers 33.1% of total land in China. The total



Fig. 10. Northwest China Grid in 2015.

Fig. 9. Heat load and electrical power output range of a 300 MW CHP units.
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consumed electricity reached 531.4 TW h in 2015, which is almost
the same as that of Germany. Meanwhile, NWCG has abundant
wind and solar resources, the wind and solar capacities have
reached 39.81 GW and 21.66 GW in 2015, respectively, which
accounts for 30.8% and 50.2% of total wind and solar capacity in
China. But behind the booming installment of wind and solar
generations, nearly 32% of wind and 17.1% solar in NWCG were
curtailed in 2015 because of the intensive inflexibility of the
coal-heavy generation fleet.

The process of adopting the proposed framework to simulate
the operation of NWCG in 2015 can be divided into the following
three steps:

Step 1: Calculating wind, solar power output profiles and heat
load for CHP units.
To calculate the wind and solar power output profiles, locations
of the wind and solar projects are required. All the projects located
within NWCG are demonstrated in Fig. 11 [54]. With the location
data, we can use the meteorological and geographical data to cal-
culate the year around wind and solar power output profiles with
the proposed calculating method. Here we adopt the 2015 wind
speed, solar irradiance and surface temperature data derived from
MERRA, all wind farms are assumed using the same GoldWind
GW82/1500 wind turbine [37]. For NWCG, the heat load is bal-
anced within each city. Thus, we use the distribution of urban pop-
ulation and administration area data to calculate the heat load of
each city.

Step 2: Partitioning the power system in sub-systems at the
critical tie-lines.



Fig. 11. Wind and solar projects in NWCG 2015.
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After the rapid development of the transmission network in
China in the past 20 years, the intra-provincial transmission net-
works is sufficiently strong now, the only bottlenecks in NWCG
are the inter-provincial transmission lines. The transmission
capacities of inter-provincial transmission lines are mainly con-
strained by dynamic stability, e.g. the N � 1 contingency, voltage
stability and so on. To reduce the computation burden, the NWCG
is partitioned into five provincial grids, and the transmission net-
work within each province is ignored. The transmission capacity
between the partitioned provincial grids at the beginning of 2015
are as shown in Table 1.
Table 1
Transmission capacity between partitioned provincial grids in NWCG 2015.

Sending end Receiving end

Shaanxi Gansu Qinghai Ningxia Xinjiang

Shaanxi – 4500 MW – – –
Gansu 5000 MW – 3800 MW 4100 MW 2000 MW
Qinghai – 3800 MW – – –
Ningxia – 4100 MW – – –
Xinjiang – 2000 MW – – –

Table 2
Comparison of wind and solar curtailments between simulation results and statistical dat

Data Provinces NEA statistics Simulation without TD

Curtailment Relat

Curtailed solar (TW h) Shaanxi 0 0 0.00%
Gansu 2.87 2.81 1.93%
Qinghai 0.30 0.39 31.19
Ningxia 0.25 0.25 1.15%
Xinjiang 1.67 1.63 2.09%
NWCG total 5.09 5.09 0.00%

Curtailed wind (TW h) Shaanxi 0 0.00 0.00%
Gansu 8.20 7.95 3.01%
Qinghai 0 0.06 –
Ningxia 1.30 1.31 0.71%
Xinjiang 7.10 7.00 1.45%
NWCG total 16.60 16.31 1.74%

Computation time (second) 11775
Step 3: Adopting the proposed COS model and solving acceler-
ating strategy to solve the annual simulation.

As indicated in Fig. 2, the calculated wind and solar power out-
put profiles, power systems’ data of all partitioned sub-systems are
adopted for the simulation. The inter-provincial transmission
schedules, generators’ characteristics and electricity load data are
obtained from the operation mode of NWCG in 2015. The proposed
simulation model is implemented with YALMIP [55] in Matlab and
solved with Gurobi Optimizer [56]. The comparison between sim-
ulation results and the statistical data released by NEA [22,23] and
State Grid Corporation of China [24] are listed in Tables 2 and 3.

As shown in Tables 2 and 3, NWCG curtailed 16.60 TW�h of
wind power and 5.09 TW h of solar power in 2015, the simulated
wind and solar power curtailments are 16.32 TW h and
5.09 TW h, respectively, which only have 1.69% and 0% of relative
errors compared with the statistical data. And for all provinces
except Qinghai, the simulated provincial wind and solar curtail-
ments are less than 2.95% different from the practical operation
results. Since both practical wind and solar curtailment are too
few in Qinghai, the relative error could be very large while the
a.

P Simulation with TDP Simulation using EnergyPLAN

ive error Curtailment Relative error Curtailment Relative error

0 0.00% 0 0.00%
2.81 2.00% 0 100%

% 0.39 31.02% 0 100%
0.25 1.03% 0 100%
1.64 2.00% 0 100%
5.09 0.01% 0 100%

0 0.00% 0 0.00%
7.96 2.95% 0.03 99.63%
0.06 – 0 0.00%
1.31 0.64% 0 100%
6.99 1.50% 0.02 99.72%
16.32 1.71% 0.06 99.64%

1217 0.1



Table 3
Comparison of utilization hours between simulation results and statistical data.

Provinces Coal-fired generation (Hour) Hydro generation (Hour)

Statistic Simulation Relative
error

Statistic Simulation Relative
error

Shaanxi 4686 4666 0.4% 3269 3474 6.3%
Gansu 3777 4033 6.8% 4018 4002 0.4%
Qinghai 5096 4981 2.3% 3255 3346 2.8%
Ningxia 5420 5646 4.2% 3673 3854 4.9%
Xinjiang 4726 4876 3.2% 3553 3731 5.0%
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absolute errors are no more than 0.09 TW h. The utilization hours
of both hydro generation and coal-fired generations are shown in
Table 3, it can be found that the utilization hours in the simulating
results have no more than 6.8% of differences compared with the
statistical data. Therefore, the simulated curtailments along with
utilization hours of coal-fired generation and hydro generation
are all aligned with the practical operation results, which demon-
strates the accuracy of the proposed method, especially consider-
ing that the maintenance schedule of generators and intra-
provincial transmission networks are ignored in the simulation.

To further illustrate the accuracy of using the proposed frame-
work to simulate the chronological operation of power systems
with low flexibility, the widely used energy system analysis tool
– EnergyPLAN is adopted for a comparison [9]. The differences in
operation results obtained from the proposed framework and the
EnergyPLAN for the same NWCG case are also shown in Table 2.
It can be found that the EnergyPLAN has significant simulation
errors in the wind and solar curtailments. Since the EnergyPLAN
excludes the unit commitment constraints, it severely over-
estimates the flexibility of the system. Therefore, it could hardly
simulate the renewable energy integration in power systems with
low flexibility like the NWCG accurately. That is one of the motiva-
tions to develop the proposed framework in this paper.

Besides the accuracy of the proposed simulation framework, the
computation speed and reliability of the proposed framework also
Fig. 12. Comparison of seasonally accom
outperformance conventional methods. As shown in Table 2, the
computation time of simulating the 2015 operation of NWCG with
the proposed framework is 20 min. Compared with requiring
196 min to compute without the proposed time-domain partition-
ing technique (using the same computation platform), the compu-
tation speed is increased by more than 8 times. Meanwhile, the
difference in simulation result are less than 0.2%. During the
annual simulation, the rollback mechanism has been triggered 5
times, which helps avoid infeasibilities in 4 months. In summary,
the proposed solving acceleration strategy not only guaranteed a
feasible solution but also effectively improved the computation
speed.

To further verify the accuracy of the COS results, comparisons of
the chronological statistics, e.g. comparison between monthly
operation results and monthly simulation results, are the most rea-
sonable choice. Due to the operation statistics are only published
seasonally in China, here we adopt the seasonally accommodated
electricity from wind to verify the accuracy of chronological simu-
lation results. The statistical and simulated seasonally integrated
wind electricity in each province are depicted in Fig. 12. Due to
the absence of the wind generation statistics for the 3rd season
in 2015, here comparisons are made for the 1st season, 2nd season
and 3rd-4th season in 2015 [22,57,58]. As indicated in Fig. 12, the
simulated wind integrations are in good consistency with the prac-
tical operation data, the differences between simulated results and
statistical data are less than 17%.

Besides the statistical results, hourly operation results can also
be obtained from the proposed framework for precise analyses. For
example, the hourly power balance of February 19–24 in Xinjiang
province is illustrated in Fig. 13. It can be found that the majority of
wind curtailments happened at nights when the electrical load is
the lowest but wind is favorable. Because of the large heat demand
in winter times, CHP units must generate electricity at nearly full
capacity and could hardly adjust their outputs. Therefore, the
majority of electricity load is occupied by CHP generations, and
the residue load is too few to accommodate all available wind
modated wind electricity in NWCG.



Fig. 13. Power balance in Xinjiang province.
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power, as a result, the excess wind power must be curtailed. By
analyzing the causes of wind curtailment in each hour in the year,
it can be concluded that investing in heat storage or electrified
heating facilities, the wind curtailment in Xinjiang can be reduced
significantly.

The above analysis well demonstrate that the proposed COS
framework could be utilized to investigate the causes of the cur-
tailments. Since the proposed framework is a general tool capable
of analyzing the integration of newly proposed renewable project
or future renewable targets, it could be applied to investigate both
existing curtailments and potential curtailments in the future,
wherever the power system located. The curtailment analysis in
Xinjiang Province also reveals that, the conflict between keeping
a high level of heat supply and reducing the electrical power out-
put for CHP units is the main causes of the wind curtailments. In
fact, the renewable curtailments caused by the conflicts between
CHP generation and renewable generations is a common issue
all-round the globe [10,15,16,59]. Thereby, applying the proposed
framework to analyze the cost-effectiveness of investments in heat
pump, heat storage or heat boilers could be a general way to aid
the selection of techniques to reduce the renewable curtailments
all over the world.
6. Conclusion

This paper proposed the chronological simulation framework of
adopting meteorological data to simulate the annual operation of
regional power systems with high penetration of renewable
energy. The proposed framework includes three major steps:
firstly, the wind, solar power output and heat load for CHP units
are converted from meteorological data; then the converted data
will be inputted to the proposed COS model and solving accelera-
tion strategy to simulate the power system operation; after that,
results will be combined and outputted. The proposed method is
verified with measured wind, solar output data and the official sta-
tistical operation data for NWCG in 2015. By summarizing the
results of case studies, the following conclusions can be drawn,

� The wind and solar power output converted from MERRA mete-
orological data canwell capture themajor patterns of renewable
power output, while some hourly scale variations are missed.

� The proposed solving acceleration strategy could increase the
computation speed by more than 8 times and avoid the simula-
tion being terminated by infeasible solutions.
� The proposed framework is demonstrated applicable to practi-
cal power systems. Adopting the proposed framework to simu-
late the 2015 operation of NWCG could have no more than 6.8%
differences compared with the statistical data of practical
operations.

� The hourly operation results obtained from the proposed frame-
work can be used to analyze the causes of the curtailments, and
help decide the most cost-effective measures to address the
curtailments.

Although the cases studied in this paper all are focused in China,
due to the generality of the proposed COS framework, it could also
be applied to any regional power systems over the globe. Since the
proposed simulation framework could generate power output pro-
files for the planned wind and solar projects, and can utilize the
obtained renewable output data to simulate the annual operation
of renewable deeply penetrated power system accurately and fast.
We are currently assessing the grid-accommodation potential of
solar and wind power in 2020 in China by sweeping scenarios of
different renewable penetrating rates with the proposed frame-
work. Besides that, we are also analyzing how different scheduling
of the inter-provincial transmission could affect the wind and solar
accommodation in China, the potential of reducing wind and solar
curtailment by flexible scheduling of the inter-provincial transmis-
sion in a practical regional grid in China is going to be quantified
with the proposed framework.
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