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ABSTRACT
In the background of the large-scale development and utilization of renewable energy, the joint operation of a variety of heterogeneous
energy sources has become an inevitable development trend. However, the physical characteristics of different power sources and
the inherent uncertainties of renewable energy power generation have brought difficulties to the planning, operation and control of
power systems. For now, the utilization of multi-energy complementarity to promote energy transformation and improve the con-
sumption of  renewable energy has become a common understanding among researchers and the engineering community.  This
paper makes a review of the research on complementarity of new energy high proportion multi-energy systems from uncertainty
modeling, complementary characteristics, planning and operation. We summarize the characteristics of the existing research and
provide a reference for the further work.
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At  present,  in  order  to  solve  the  environmental  pollution
and ecological damage caused by the massive use of fossil
energy,  countries  around  the  world  have  formulated

energy transformation strategies to realize an energy supply system
mainly  with  renewable  energy  as  soon  as  possible.  Europe,  the
United States and China have proposed blueprints for power sys-
tems  that  will  achieve  100%[1],  80%[2] and  60%[3] of  renewable
energy  in  2050.  Recently,  President  Xi  Jinping  pointed  out  that
China  will  enhance  the  state’s  independent  contribution  and
adopt  more effective  policies  and measures  in  the  general  debate
of  the  seventy-fifth  UN  General  Assembly.  The  carbon  dioxide
emissions  will  strive  to  reach  the  peak  by  2030,  and  strive  to
achieve carbon neutralization by 2060.  Therefore,  the proportion
of  renewable  energy  access  is  significantly  increased  in  recent
years, and the large-scale centralized gird connection has become
an important way of renewable energy generation. Meanwhile, the
uncertainty  and  uncontrollability  of  renewable  energy  make  the
operational characteristics of power systems more complex, which
has a negative impact on the security and economy of the multi-
energy power system. In this situation, the utilization of the com-
plementarity  between  multiple  energy  sources  is  a  feasible  and
economical  way  to  ensure  the  coordinated  operation  of  power
systems.

Complementarity is not a new concept in the energy field. People
have long realized that the integration of different energy sources
can achieve better overall  results.  Ref.  [4]  evaluated an integrated
renewable  energy  system  with  wind,  micro-hydraulic  and
biomass,  which  can  achieve  economic  benefits.  The  opposite
availability  of  solar  radiation or  wind makes  the  wind-solar inte-
grated  systems  attractive  during  the  development  of  renewable
energy[5]. However, in the past, many researches about the planning
and  operation  of  multi-energy  focused  on  distribution  networks
or small isolated energy systems. Ref. [6] optimized the capacities

of  energy  devices  in  a  distributed  energy  system  with  the  multi-
objective  of  economy,  environment  and  energy.  Ref.  [7]  studied
the integrated  performance  of  wind  and solar  in  energy  produc-
tion.  The  results  proved  that  the  complementarity  can  improve
the renewable energy capacity and the energy export for the net-
work.  Ref.  [8]  analyzed  the  optimal  operation  strategy  of  multi-
energy  distributed  systems.  The  application  of  a  commercial
building shows the improvement of operation performance from
complementarity. In general,  the research about distribution net-
work  mainly  focuses  on  the  problem of  power  balancing,  power
quality,  voltage  stability,  etc.  after  the  placement  of  distribution
generation[9].

With the improvement of  renewable energy construction level
and  penetration  rate,  large-scale  centralized  gird-connected
renewable  energy  has  been  the  hotspot  of  engineering  and
research. In USA, the energy consumption from renewable energy
in 2019 exceeded coal consumption for the first time since before
1885. There are many renewable energy projects in construction.
Dominion Energy has proposed the world’s largest offshore wind
project  of  2.64  GW  in  Virginia.  Portland  General  Electric  and
Nextera Energy Resources decided to build the nation’s first multi-
energy complementary project of wind, solar and battery storage.
In China, the development of multi-energy complementary systems
has been the government policy[10]. It is promoting the development
of  large-scale  renewable  in  the  regions.  For  example,  there  are
abundant  renewable  energy  resources  of  wind  and  solar  in  the
Yalong River Basin in Southwest China. And there will be a world
class clean energy base with 30000 MW hydropower, 12000 MW
wind power and 1800 photovoltaic (PV). However, the uncertainty
of  renewable  energy  output  greatly  increases  the  difficulty  of
power system planning and operation,  which may lead to power
accidents  in  severe  cases.  Recent  studies  have  shown  that  the
complementarity of wind power and photovoltaic in the operation 
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process can greatly reduce the impact of renewable energy output
uncertainty  and  increase  the  reliability  of  multi-energy  system
operation.To  meet  the  needs  of  renewable  energy  development
and operation,  there  are  many  researchers  studied  the  corre-
sponding  planning  and  operation  methods  of  large-scale  multi-
energy systems based on complementarity.  They cared about the
utilization of the combined advantages of different power sources
to improve the overall performance of the system.

This article makes a review of the research on complementarity
of  new  energy  high  proportion  multi-energy  system.  We  first
describe  the  uncertainty  modeling  methods  of  renewable  energy
power sources. Then we summarize the domestic and international
progress  in  the  research  of  multi-energy complementary  charac-
teristics. Finally, we give an overview of the planning and operation
of  multi-energy power  systems.  Through  the  overview,  we  sum-
marize  the  main  issues  of  the  research  on  multi-energy  systems
and provide a reference for future research.

1    Uncertainty  modeling  of  renewable  energy
sources
Uncertainty is the main characteristic of multi-energy power sys-
tems  due  to  the  high  penetration  of  renewable  energy  such  as
wind  power  and  PV.  Therefore,  the  uncertainty  modeling
becomes an important part of complementary research. This sec-
tion introduces uncertain models of renewable energy, which lays
a  foundation  for  the  subsequent  analysis  of  multi-energy  system
complementarity.

As  the  representative  of  variable  renewable  energy,  the  wind
power  and  PV  have  great  uncertainty  and  volatility  during  the
daily operation. In long-term analysis such as production simula-
tion, the common modeling method for wind power output is to
use  the  probability  distribution  to  describe  the  wind  speed,  and
then  carry  out  the  conversion  of  wind  speed  and  wind  power[11].
There  are  two  methods  to  simulate  wind  speed:  autoregressive
moving average (ARMA) model and Weibull. The ARMA model
simulates wind from the linear correlation of historical values. The
Weibull  model  adjusts  the  density  function  to  generate  random
values based on historical values[12]. The statistical results of a large
number  of  measured  data  show  that  the  probability  distribution
characteristics of  wind  speed  approximately  obey  Weibull  func-
tion, and its probability density function is as follows:
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c
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(v
c

)k
]

(1)

where v represents the wind speed, k is  the shape coefficient and
ranges from 1.8 to 2.3 and generally be 2, and parameter c reflects
the  annual  average  wind  speed  of  the  corresponding  area.  The
common  methods  of  parameter  fitting  of  Weibull  function
include:  minimum  error  approximation  method,  least  square
method,  moment  estimation  method  and  maximum  likelihood
method.  Ref.  [13]  estimated  the  Weibull  parameters  of  wind
energy utilization by power density method, then the wind power
active  output  can  be  obtained  by  using  the  wind  turbine  output
power conversion formula.

Pw (v) =



0 v⩽ vci, v⩾ vco

v3− v3ci
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PR vci ⩽ v⩽ vR

PR v⩾ vR

(2)

where vci is the cut-in wind speed, vco is the cut-out wind speed, vR
is  the  rated wind speed,  and PR is  the  rated output  power  of  the
wind turbine.

The common modeling method of photovoltaic power genera-
tion output is also to obtain the solar radiation intensity and other
variables  first,  and  then  calculate  the  photovoltaic  power  output.
In  general,  it  can  be  considered  that  the  solar  radiation  follows
Beta  distribution[14], and  its  probability  density  function  is  as  fol-
lows:

ϕv (r) =
Γ (k1 +k2)
Γ (k1)Γ (k2)

(
r
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)k2−1
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Γ(·)
where k1 and k2 are  the  control  parameters  of  beta  distribution,

is  the  gamma function, r is  the  solar  radiation intensity,  and
rmax is the maximum value of solar radiation intensity. The active
power  output  of  photovoltaic  power  generation  is  usually
obtained  by  conversion  formula  (4)  based  on  solar  radiation
intensity and temperature.

Pt = Pstc
Ir,t

Istc
[1+αT (Tt −Tstc)] (4)

αT

where Pstc, Istc and Tstc are  the  rated  value  of  active  power,  solar
radiation intensity and temperature of the photovoltaic power sta-
tion,  respectively.  The reference value of  active power is  adjusted
according to the solar radiation intensity Ir,t and temperature Tt of
the  corresponding  period t to  obtain  the  active  power  of  the
period Pt.  is the adjustment coefficient, usually −0.47.

In short-term analysis  such as  daily  operation,  the  uncertainty
always  refers  to  the  errors  of  wind  power  and  PV  based  on  the
forecast results. Many researches have done a lot of work in deter-
mining  the  types  of  error  distribution.  Gaussian  distribution  is
common to describe the errors of wind power and PV[15]. Ref. [16]
pointed  out  that  the  symmetrical  Gaussian  distribution  cannot
reflect the influence of nonlinearity from wind turbine on the dis-
tortion degree of prediction error distribution and the Beta distri-
bution is more suitable because its skewness[17]. The results of Ref.
[18] show that only when the weather is relatively clear, the forecast
error of PV is close to the Gaussian distribution. Ref. [19] purposed
a versatile probability which can well represent forecast errors for
all forecast timescales and magnitudes and easily applied into the
economic dispatch problem.

The existing uncertainty methods are model-driven.  However,
it is hard to find generalized marginal distributions in the modeling
process,  and  the  complex  nonlinear  correlations  are  hard  to
describe. With the wide application of machine learning algorithm
in the fields of  computer vision and natural  language processing,
researchers  have  begun  to  explore  the  application  potential  of
related  algorithms  in  uncertainty  modeling  of  power  system.
Among  these  methods,  the  generative  model  can  establish  the
relationship between hidden variables and target variables so that
to model the distributions of target variables. Compared to tradi-
tional method,  it  can  complete  the  description  of  complex  rela-
tionships  through  artificial  neural  network  (ANN),  so  it  has  a
good  application  prospect.  For  now,  the  common  generative
models are variational auto-encoder (VAE) and generative adver-
sarial network (GAN).

In  Ref.  [20],  the  GAN  was  first  applied  to  the  generation  of
active power scenarios of renewable energy. The results show that
the generation model has a better effect in describing the temporal
and  spatial  correlation  of  wind  power  and  PV  compared  with
Gaussian  copula.  Ref.  [21] focuses  on  the  performance  improve-
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ment of GAN, which uses gradient penalty to add Lipschitz con-
straint to the discriminator of GAN to improve the training speed.
In Ref. [22], GAN is used to simulate the scenarios of wind power
and solar power for the capacity configuration of micro grid. Ref.
[23]  used  VAE  to  model  the  joint  distribution  of  wind  and  PV,
and  generated  scenarios  for  short-term optimal  operation  prob-
lem. In Ref. [24], the de-noising VAE is adopted, and the generated
scenarios set can reflect the difference of different weather condi-
tions through the modular method. Despite the success application
of generative model, it still has the problem of long training time,
convergence difficulty, overfitting, mode collapse, etc.

2    Complementary characteristics analysis
Uncertainty is for a single renewable energy source, and multiple
energy sources are complementary.  Complementarity can greatly
reduce  the  impact  of  the  uncertainty  of  energy  operation  alone.
Due to the spatio-temporal correlation between wind speed, sun-
shine, and other factors, further research focuses on the correlation
description between different power sources, and complementarity
can  be  embedded  into  the  uncertainty  modeling  process.  This
chapter determines the marginal  distribution of uncertain factors
and  sorts  out  the  commonly  used  complementary  evaluation
indicators in current research.

Despite the generous studies of complementarity, there is not a
unified  definition  of  complementarity.  Ref.  [25]  explained  the
complementarity through  the  explanation  in  the  Oxford  dictio-
nary, and it understood the complementarity of energy sources as
“the capability of working in a complementary way”. Comparing
to economy, reliability, stability and flexibility power systems, and
complementarity is not an inherent characteristic. It is more like a
way or approach to solve problems. The complementarity has dif-
ferent  meanings and expressions in the power system depending
on  the  specific  indicator  we  want  to  improve.  In  general,  it  is
always connected to the power system flexibility, renewable energy
consumption, the fluctuation of power output, etc.  Therefore, we
do not discuss  the concept of  complementarity  and focus on the
detailed application.

At  present,  Copula  function  is  widely  used  in  the  fitting  and
generation  of  joint  distribution  function  of  multivariate  random
variables. It can “glue” the marginal distributions of multiple cor-
related  random  variables  into  a  high-dimensional joint  distribu-
tion.  Copula  functions  mainly  include  elliptical  copula  and
Archimedean copula[26]. Elliptical copula includes Gaussian copula
and  t-copula,  and  the  marginal  distribution  function  needs  to
meet  the  given  premise  hypothesis.  Archimedean  copula  is
obtained through the generator function, including Gumbel cop-
ula,  Clay  copula  and  Frank  copula.  Because  they  can  fit  the
marginal distribution  functions  of  different  distribution  charac-
teristics, Archimedean copula is more commonly used. For exam-
ple,  Frank  copula  can  measure  the  negative  correlation  between
different variables,  so  it  is  very  suitable  to  analyze  the  comple-
mentary  characteristics  of  wind  and  solar  resources[27].  Ref.  [28]
applied  Frank  copula  to  model  the  interactions  of  wind  power,
solar  power  and  demand  in  Davarzan  area  in  Iran.  However,
Archimedean  copula  is  not  ideal  for  the “glue” effect  of  high-
dimensional  marginal  distribution  functions.  In  Ref.  [29],  Vine-
copula is proposed to model the high-dimensional joint distribution
of  multiple  random  variables  more  than  two.  By  combining  the
random variables in pairs, the joint distribution of each two random
variables can be fitted by using the appropriate Archimedean cop-
ula.  At present,  the most common types of Vine-copula includes

regular  vines  (R-vine),  canonical  vines  (C-vine)  and  drawable
vines (D-vine)[30]. R-vine can describe a large number of correlation
relationships, but the large amount of calculation will make it very
difficult  to  solve  the  fitting  process.  C-vine  and  D-vine  have
greater  advantages  than  R-vine  in  calculation  time  and  structure
complexity, but they also lose the fitting accuracy of high-dimen-
sional  distribution  to  a  certain  extent[31].  Ref.  [27]  proposed  a  D-
vine  copula  with  truncation  to  model  the  spatial  and  temporal
correlations  between  forecast  errors  of  wind  power  and  PV  to
reduce the estimation of large numbers of pair-copula parameters.

In the current research, the analysis and evaluation of the com-
plementary  characteristics  of  various  power  sources  are  mainly
based on the complementary situation of the active power of dif-
ferent  power  sources.  And  the  power  sources  are  mainly  the
uncontrollable energy of wind, solar and hydro[32]. The motivation
is  to  eliminate  their  respective  intermittency  and  uncertainty
driven by the variability of climate factors through the aggregation
of different energy sources.

Many  researches  use  the  correlation  analysis  method  to  study
the complementarity. The analyzed variable contains wind speed,
solar  irradiance,  water  flow  or  the  power  data  directly  of  wind,
solar  and  hydro.  Generally,  the  complementarity  of  variable
renewable  energy  can  be  divided  into  spatial  complementarity,
temporal complementarity and joint complementarity[25]. The cor-
relation  indicators  of  Pearson  correlation  coefficient,  Kendall’s
rank  correlation  and  Spearman’s  rank  correlation  are  applied  to
evaluate the  complementarity.  Qualitatively,  the  negative  correla-
tion between different sources means complementarity.

Ref.  [33] calculated the Pearson correlation coefficient of wind
and solar resources for Mexico to evaluate their temporal energetic
complementarity. The heat map of the whole country gives a better
overview  of  the  complementarity.  The  case  studies  compare  the
complementarity in different scale. Considering the practical cost,
the paper also analyzes the proximity of the areas with good com-
plementarity with transmission systems.  Ref.  [34] assessed spatial
and temporal the complementarity of wind and solar resources in
China  through  the  calculation  of  Kendall’s  correlation  and
extreme value analysis. It find the wind power and PV power have
negative  correlation  in  offshore  regions  while  the  coefficients  are
variable  from  different  onshore  regions  due  to  the  local  terrain
conditions  and  weather  patterns.  Ref.  [35] analyzed  the  comple-
mentarity  of  wind  and  solar  in  Italy  in  the  same  geographical
point and in different locations. And the complementarity is more
significant  in  larger  time  scale  (hourly,  daily,  and  monthly).  Ref.
[36] used Pearson and Spearman’s coefficients to make a correlation
map of wind speed and stream flow over Brazilian. And the highest
complementarity  is  in  the  Northeastern  basins  and  the  weather
stations near the power plants of Sao Francisco River.

In essence, correlation coefficients are used to describe the fluc-
tuation of overall output of complementary power supplies. How-
ever, the coefficient mentioned cannot reflect the local changes of
the active power curves of different power sources so they cannot
be  directly  used  as  the  actual  indicators  in  the  operation  of  the
power  system.  And  they  can  only  judge  the  complementarity
between two power sources.

From  the  perspective  of  power  system  operation,  there  are
some  indicators  to  describe  the  power  output  of  the  integrated
system.  Ref.  [37]  proposed  an  impact-increment-based  hybrid
reliability  assessment  approach  for  power  transmission  systems.
The  proposed  method  combines  impact-increment-based  state
enumeration method and impact-increment- based Monte Carlo
simulation. It could be used to balance the accuracy and efficiency
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under various scenarios. Ref. [38] used power stability indicator to
evaluate the fluctuation of the power output:

IS =
1

n− 1

n−1

∑
k=1

∣∣δk
i

∣∣ k= 1,2, · · · ,n− 1 (5)

δk
iwhere is  the  power  variation  in  adjacent  time  points, n is  the

number of total time points.
Power supply fluctuation smoothness, which is used to evaluate

the improvement of the stability of power after the integration of
different power sources.

k= σA − σB

σA
(6)

σA

σB

Where  is  the  maximum  standard  deviation  of  single  power
supply output,  and  is  the standard deviation of the integrated
system output.

Load tracking indicator, which is used to evaluate the similarity
of the power curve and load curve[39]:

Dt =
1
P̄L

√
1
T

T

∑
i=1

(Pv,t −PL,t)
2 (7)

P̄L
Pv,t PL,t

where is  the  mean  value  of  load  demand, T is  the  operation
period,  and  and  are  the  power  output  and  load  value  in
time point t, respectively.

Some indicators of power system reliability are transformed to
analyze the complementarity. Ref. [40] proposed two indicators of
the ratio of expected energy not supplied (EENS) (8) and the ratio
of loss  of  load hours (LOLH) (9),  which are used to evaluate the
improvement of the EENS and LOLH after the integration of dif-
ferent sources. These indicators are applied into the evaluation of
the daily operation performance of wind-solar-hydro system.

K=
EENSsys

EENS1+EENS2 + · · ·+EENSi
(8)

B=
LOLHsys

max{LOLH1,LOLH2, · · · ,LOLHi}
(9)

Where EENSi and LOLHi are  the  EENS  and  LOLH  of  single
power source system i,  respectively, and EENSsys and LOLHsys are
the EENS and LOLH of complementary system, respectively.

There also  some  other  indicators  to  evaluate  the  complemen-
tarity in different aspects. In Ref. [41], two new indicators of con-
sistency  and  complementarity  are  proposed  to  assess  the  local
variation  characteristics  of  the  active  power  of  different  power
sources. The effect is better than the correlation coefficient, but the
limitation  is  that  only  the  complementarity  between  the  two
power sources can be evaluated. Ref. [42] used the relative coeffi-
cient of variation (RCoV) (10) and the inter-quartile range (IQR)
as  main  metrics  to  analyze  the  variability  and  intermittency  of
wind  and  solar  resources  in  Australia.  The  RCoV  is  computed
with reference to the median instead of mean, which is more suit-
able  for  long-tail  distribution.  The  IQR  is  an  evaluation  for  the
possible  variability  of  resources.  A  lower  IQR  means  a  higher
potential in energy production.

RCoV=
median(absolute deviation about the mdeian)

median
(10)

As  we  mentioned  above,  the  analysis  of  complementarity
depends  on  the  research  question  itself  including  the  statistical
analysis,  operation,  planning,  reliability,  flexibility,  etc.  Therefore,

the future  research  should  give  a  unified  definition  of  comple-
mentarity as a leadership to establish the research system of com-
plementarity. For the study of complementary characteristics, they
should  be  classified  strictly  according  to  their  fields  of  concern.
And the indicators of the same type should be compared based on
the same database to explain its advantages and shortages so that
to establish complementary metric system. Meanwhile, the existing
research  focus  on the  wind,  solar  and hydro.  The  objects  should
be expanded to  more kinds  of  power  sources  such as  waves  and
they should be divided more detail such as mountain wind power,
plain wind power, offshore photovoltaic, etc.

3    Planning of multi-energy power systems
This  section  introduces  the  application  of  complementarity  in
electrical  system.  Planning  is  the  base  of  optimal  operation  of
multi-energy power systems, which determines the upper limit of
operation  benefits.  The  problem  of  power  system  planning  is  to
seek a reliable construction scheme according to the load results in
a  long-term  period.  The  planning  model  always  consists  of  two
stages of planning decision and operation simulation. The operation
simulation  examines  the  reliability  of  the  planning  scheme  and
evaluates the performance of the planned power systems in econ-
omy, security, environment, etc.

Traditional operation simulation methods are mainly based on
the load duration curve[43] or single-period scenarios[44], which only
evaluate  the  reliability  of  the  system  by  electric  quantity  balance.
With  the  increase  of  renewable  energy  access,  the  variability  of
renewable power sources make it  necessary to consider the flexi-
bility  constraints  of  peak  shaving,  ramping  and  the  startup  and
shut down of power sources.

Therefore, more researches use the sequential curves to simulate
the  operation  situation.  Ref.  [45]  studied  the  optimal  sizing  of
photovoltaic-wind  turbine.  The  optimal  sizing  model  took  wind
speed, solar irradiation, temperature and load demand profiles of
8760 hours as input data to check the performance of the planned
system.  Ref.  [46]  purposed  a  sequential  simulation  method  to
evaluate  the  wind power accommodation capacity  of  the  system.
The case study is simulated by the hourly data of load demand, tie
line power, wind power, etc., in 2015 of a China province. Due to
the rapid increase of the calculation complexity with the increase
of  simulation  periods  and  unit  numbers,  some  research  tries  to
reduce the period length.  Ref.  [47]  used hourly load of  7  days to
represent  each  month  in  the  optimal  sizing  for  wind,  PV  and
pumped-hydro  storage  system.  More  generally,  some  research
used typical days as an abbreviated representation. Ref. [48] studied
the planning and operation of European power system in 2050. In
capacity  expansion  model,  it  used  the  scenario  tree  to  formulate
the uncertainties of investment costs and demand growth in plan-
ning period, which took 2030 and 2050 as the tree nodes. Ref. [49]
optimized the size of a photovoltaic–wind energy system. The case
study used average hourly demand and power data as the typical
day  scenario.  Obviously,  the  simulation  results  based  on  typical
days  lose  accuracy  and  are  greatly  influenced  by  the  boundary
conditions such as the reservoir capacity at the beginning and end
of  daily  scenarios.  Aiming  at  the  minimum  network  loss  and
minimum voltage fluctuation, Ref. [50] used particle swarm opti-
mization  algorithm to  optimize  the  multi-objective  to  obtain  the
optimal location of photovoltaic.

From the concept of planning, research put more emphasis on
flexibility  and  complementarity  to  ensure  the  security  of  power
supply,  promote  the  renewable  energy  consumption  and  reduce
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the investment cost. Ref. [51] purposed the generation and trans-
mission co-planning model in the power system with high renew-
able energy penetration by VRE and CSP. Because the traditional
model  ignores  the  start-up  and  shutdown  process  of  thermal
power  units  to  reduce  the  binary  variables  in  the  optimization
problem, which may lead to the lack of flexibility in the planning
results, the paper purposed an aggregated model for thermal units
to formulate the flexibility limits. Ref. [52] explained the necessity
of considering flexibility  in power system planning,  and summa-
rized  the  current  progress  of  flexibility  planning.  It  pointed  out
that  the  challenge  of  flexibility  planning  lies  in  the  quantitative
evaluation of flexibility and the coordination of planning methods.
Ref.  [53]  studied  the  sizing  and  operation  of  complementary
hydro-wind-PV power systems. It first purposed a complementary
coefficient of the system power output, which evaluate the level of
the system meeting the load.  Then it  optimize the capacities  and
locations  of  wind  and  PV integrated  with  hydropower.  The  case
study  showed  the  critical  influence  of  the  location  of  wind  and
power  on  their  planned  capacities.  Ref.  [54]  studied  generation
expansion  planning  in  Brazil  of  100%  renewable  energy  with
complementarity and flexibility. The utilization of complementarity
can  reduce  the  reservoir  requirements.  Ref.  [55] purposed  com-
plementary  indices  from  fluctuation  and  ramp,  and  the  indices
can  guide  the  ratio  of  wind  and  PV.  Ref.  [56]  considered  the
influence of building thermal storage on the penetration ability of
renewable  energy  in  the  distribution  network  and  provided  an
optimal  planning  framework  for  soft  open  point  and  distributed
energy resources based on building thermal dynamics differential
equation model.

Due to the contradiction between the proportion of renewable
energy sources and the flexibility demands of the power grid, CSP
becomes a hotspot in the construction of future multi-energy sys-
tems[57].  Compared  to  PV,  the  output  of  CSP  is  more  stable
because of the thermal inertia. In addition, it can be equipped with
large-scale thermal storage, which makes it a controllable renewable
power sources.  Therefore,  many research concerns the CSP con-
struction  from the  system level  for  its  operational  flexibility.  The
results in Ref. [51] showed that CSP has operational and investment
benefits  compared  with  thermal  units  and  electric  storage  and
provides  firm  capacity  compared  to  VRE.  Ref.  [58]  studied  the
planning of CSP and battery. The results showed that CSP is not
competitive compared with PV and batterers in the cost, but it can
meet the constraints of minimum solar generation and flexibility.
Ref. [57] used typical scenarios and error scenarios to evaluate the
flexibility  benefits  of  CSP  comprehensively.  The  results  showed
the complementarity between CSP and other power sources in the
planning  process.  Ref.  [59]  studied  the  configuration  of  thermal
storage of  CSP.  The model  calculated the optimal  results  in each

day in a year according to the operation cost and find a balanced
scheme considering the investment cost.

In  summary,  multi-energy planning  adds  flexibility  and  com-
plementarity to reliability in response to the variability and uncer-
tainty  of  renewable  energy.  There  are  more  specific  planning
objects and evaluation indicators. In addition, the quality of plan-
ning  results  depends  on  the  accuracy  of  production  simulation.
Therefore,  it  is  necessary to balance the complexity  of  the model
with the calculation time.

4    Operation of multi-energy power systems
With  the  access  of  renewable  energy,  the  traditional  scheduling
strategy based on thermal power is not suitable for the real structure
of  multi  energy  power  system.  Many  research  hopes  to  achieve
wide  area  coordination  and  competition  complementarity  of
multi-energy systems  in  multi  time and space  scale  through rea-
sonable scheduling. Compared with the high cost of power system
construction, it is a more economical way to improve the flexibility
and controllability  of  the  system  through  complementary  opera-
tion. Therefore, this section summarizes the research on the optimal
operation of multi-energy power systems in recent years.

The complementarity between different power sources in oper-
ation is explained in Figure 1. For renewable power sources (without
hydropower), they should reduce the uncertainty and volatility of
the  overall  output  through  the  complementarity  between  wind
and  PV,  and  the  controllability  of  CSP.  For  traditional  power
sources of thermal power and hydropower, they should meet the
load  demand  after  the  renewable  energy  generation,  and  reduce
the  uncertainty  of  VRE.  In  addition,  the  complementarity  is  also
shown in a  long-term.  For example,  the wind,  solar  and thermal
power  provide  electric  quantity  and  regulation  capacity  for
hydropower in dry season.

At the level of station operation, according to the type of power
aggregation, many complementary generation systems are formed
as  wind-solar,  wind-solar-storage,  wind-solar-hydro,  wind-ther-
mal,  wind-CSP,  etc.  The purpose of  these complementary power
generation systems is to provide stable output, improve the capacity
of  renewable  energy  consumption,  and  get  better  generation
income. Ref. [60] based on the blind number theory, the flexibility
margin  model  of  wind  power  and  photovoltaic  is  presented  to
consider the uncertainty of renewable energy. Combined with the
characteristics  of  multiple  energy  generation,  the  flexibility
resource margin quantification model of complex power supply is
established,  which  can  quickly  and  accurately  quantify  the
adjustable range of flexibility margin of each power supply in dif-
ferent periods to achieve optimal operation.  Ref.  [27] studied the
mid-term and short-term operation of wind-solar-hydro integrated
system. The results proved the potential of the system to provide
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Fig. 1    Explanation of complementarity between different power sources in operation.
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stable  power  supply.  It  also  optimized  the  installed  capacities  of
wind and PV. Ref. [61] studied the operation of regional wind and
hydro power integration in Zambezi basin and South Africa. The
target  is  to  maximize  the  90% power  generation.  The simulation
based on the data in 2010 proved that the complementary operation
can  increase  the  wind  power  penetration  and reduce  coal  power
utilization. Ref. [62] integrated wind power and CSP with an electric
heater.  The  optimal  objects  are  to  maximize  the  generation,
reduce  the  deviation  from  the  generation  plan,  and  reduce  the
renewable energy curtailment. Ref. [63] proposed a fast rule-based
adjustment  capacity  determination  method  for  pumped  storage
hydropower  to  achieve  its  adjustment  of  fast  power  and  voltage
fluctuations caused by real-time photovoltaic fluctuations.

At the level  of the whole entire operation, the earliest  research
on multi-energy operation was the dispatch of power systems with
wind  power.  The  improvement  of  its  control  strategy  includes
leaving  sufficient  reserves  to  deal  with  wind  power  access[64] and
designing a multi-time scale dispatch model[65]. With the continuous
construction of the power grid, the consideration of different types
of  power  sources  is  expanding.  Ref.  [66]  studied  the  short-term
operation  of  interconnected  power  systems  with  hydro,  thermal,
wind, and PV. The complementary optimization model is solved
hierarchically  to  maximum  the  new  energy  consumption  and
minimum  the  fluctuation  of  thermal  power  and  its  results  show
that  wide-area  complementary  scheduling  is  beneficial  to  the
improvement of system operational benefits. Ref. [67] studied the
short-term operation of power systems with CSP. The model con-
tains  three  stages  of  day-ahead,  real-time  and  look-ahead,  which
can consider the uncertainty factors and coordinate the scheduling
results  within two days.  The results  analyzed the  benefits  of  CSP
compared  with  PV.  Ref.  [68]  studied  the  combined  system,  and
established a joint  optimization scheduling strategy to ensure the
security of the power system operation while maximizing economic
benefits  and  renewable  energy  consumption.  The  three-stage
algorithm  based  on  Benders  decomposition  realizes  the  rapid
solution of the scheduling strategy. Ref. [69] proposed a distributed
energy automatic generation control combining multi-step greedy
attributes  and  multi-level  allocation  strategies  to  achieve  optimal
coordinated  control  and  power  allocation,  which  can  solve  the
problem of strong random interference caused by large-scale dis-
tributed energy access to the power grid.

Energy storage balances fluctuations well during operation. Ref.
[70]  proposed  a  heuristic  energy  storage  system  operation
scheduling  strategy  based  on  inverse  proportional  technology,
which  can  take  into  account  the  difference  of  electricity  load
demand.

These  studies  provide  references  for  the  optimal  operation  of
multi-energy power systems, and constantly make improvements
in  strategy  formulation,  power  system  uncertainty  description,
and calculation efficiency.

For the optimization models, since the deterministic scheduling
model can no longer satisfy the actual power operation, stochastic
programming methods are widely used, including scenario analysis
method,  fuzzy  programming  method,  chance  constraint  method
and robust optimization method. The scenario analysis method[27]

can clearly  reflect  the  probabilistic  characteristics  of  the  uncer-
tainty,  which  represents  the  distribution  of  random  variables  by
typical  scenarios.  The  optimization  effect  depends  on  the  quality
of  the  generated  scenarios.  So  it  has  a  contradiction between the
choice  of  scenario  number  and  the  calculation  efficiency.  The
fuzzy  programming  method[71] introduces  fuzzy  mathematics  to

model the  uncertainty  of  random  variables.  However,  the  deter-
mination of its membership function relies on experts’ experience,
which introduce some human factors. Chance constraints[72] loose
the strict  constraints  in the optimization problem, and the confi-
dence of the constraints satisfies the tolerance of the optimization
results for uncertainties. In Ref. [73], a leader-follower distributed
group  cooperative  control  strategy  is  presented  to  improve  the
control of active distribution network and realize multiple operation
task control. Robust optimization[74] uses uncertain sets to describe
uncertainty factors. The optimal solution requires that any element
in the  uncertain  set  must  be  feasible  for  constraints,  so  the  eco-
nomics of the results are poor. The choice of optimization model
depends on the available data, optimization objectives, calculation
time, etc.

In  general,  the  current  research  on  multi-energy  operation
focuses on the balance of energy, power and flexibility. There are
few studies  on the  security  and stability  of  power  systems,  wide-
area coordination, and gird-generation coordination.

5    Conclusions
The  continuous  evolution  of  the  power  system  structure  has
prompted  us  to  study  it  from  a  new  perspective.  Aiming  at  the
outstanding situation of  the limited capacity of  renewable energy
consumption, the comprehensive use of the complementary char-
acteristics of new energy high proportion multiple power sources
is  an  effective  means  to  reduce  uncertainty  and  improve  control
flexibility. Through analysis  of  existing research,  we have the fol-
lowing conclusions:

(1) For modeling of different power sources, we only discussed
the uncertainty modeling of renewable power sources. At present,
there  is  a  lack  of  research on unified  modeling  of  heterogeneous
energy. Renewable energy model is not compatible with traditional
power  model.  Future  research  should  establish  a  homogeneous
energy/power model of multiple heterogeneous energy sources on
multiple time scales.

(2) The study of complementary characteristics should establish
a  system.  There  should be  a  clear  definition of  complementarity,
which explains the relationship between complementarity with the
conventional properties of power systems such as flexibility, secu-
rity,  and  stability.  On  this  basis,  the  research  should  establish  an
indicator system. Research should not only establish indicators on
data analysis and statistics,  but should establish practical  comple-
mentary indicators for specific application areas.

(3) For modeling of different power sources, we only discussed
the uncertainty modeling of renewable power sources. At present,
there  is  a  lack  of  research on unified  modeling  of  heterogeneous
energy. Renewable energy model is not compatible with traditional
power  model.  Future  research  should  establish  a  homogeneous
energy/power model of multiple heterogeneous energy sources on
multiple time scales.

(4)  For  planning of  multi-energy power systems,  the  planning
of the power sources should be coordinated with the planning of
the  network.  The  planning  model  should  focus  on  the  balance
between  flexible  demand  and  supply.  Production  simulation  of
planning results should be as precise as possible.

(5)  For  operation  of  multi-energy  power  systems,  research
should take into account both time and space scales. The coordi-
nation and complementarity  of  the wide-area power grid is  con-
ducive  to  enhancing  renewable  energy  consumption  through
mutual  support.  Multi-time  scale  optimal  operation  model  is
helpful to eliminate the influence of uncertain factors, so that the
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scheduling plan can be smoothly implemented. In addition, most
research  studied  the  complementarity  based  on  historical  data,
while  some  research  has  noticed  the  impact  of  future  climate
change on  renewable  energy  power  generation  and  power  sys-
tems.

As the proportion of renewable energy in the future power sys-
tem continues to increase, the problems caused by its uncertainty
will be significantly prominent. Rational use of the complementarity
between multiple  energy  sources  to  reduce  the  impact  of  uncer-
tainty will be a research hotspot in the future.
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