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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The interactions between microclimate and electric power systems are overviewed.

■   Advanced applications and cutting-edge techniques of the interactions are summarized.

■   Challenges and perspectives are introduced and envisioned.
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The increasing penetration of renewables has made electric power systems
meteorology-sensitive.  Meteorology  has  become  one  of  the  decisive
factors  and  the  key  source  of  uncertainty  in  the  power  balance.  Macro-
scale meteorology might not fully represent the actual ambient conditions
of the loads, renewables, and power equipment, thus hindering an accurate
description  of  load  and  renewables  output  fluctuation,  and  the  causes  of
power  equipment  ageing  and  failure.  Understanding  the  interactions
between  microclimate  and  electric  power  systems,  and  making  decisions
grounded on such knowledge, is a key to realising the sustainability of the
future  electric  power  systems.  This  review  explores  key  interactions
between microclimate  and  electric  power  systems  across  loads,  renew-
ables, and connecting transmission lines. The microclimate-based applica-
tions in electric power systems and related technologies are described. We
also provide a framework for future research on the impact of microclimate
on electric power systems mainly powered by renewables.
 

INTRODUCTION
Microclimate  is  the  meteorology  characteristic  on  small  spatial  scales,

ranging  from  a  few  metres  to  a  few  kilometres.  Microclimate  phenomena
could  be  significantly  different  from  the  broader  meteorological  patterns  of
the surrounding areas.  For  example,  the average temperature of  impervious
surfaces  can  be  3  °C  higher  than  that  of  vegetation-covered  areas  within  a
city.1 Microclimate is the actual environment in which loads, renewables, and
power equipment are located, affecting the economic, stable, and safe opera-
tion of electric power systems. Meanwhile, electric power systems impact the
microclimate by  modifying  subsurface  structural  features,  and  anthro-
pogenic heat and gas emissions,2,3 among others.

The  utilisation  of  renewables  and  the  widespread  use  of  meteorology-
sensitive loads  have  made  electric  power  systems  vulnerable  to  microcli-
mate.4-6 Specifically,  microclimate  has  a  key  impact  on  renewables,  flexible
thermal  loads,  and  transmission  lines  designed  to  transfer  power  from
renewables  centres  to  load  centres.  For  instance,  solar  energy  generation
relies  on  local  solar  radiation.5,7-8 The  moving  clouds  make  short-term
changes to the microclimate in photovoltaic (PV) power plants,  affecting PV
output9,10 and  the  degree  of  PV  power  fluctuations.11,12 Wind power  genera-
tion is  susceptible to wind distribution in wind farms.  The urban heat  island
effect  (UHIE)  can make the temperature difference up to 10 °C at  the same
moment  within  a  city,13 contributing  to  the  spatial  differences  in  air-condi-
tioning  energy  consumption.14 Microclimate  conditions  can  accelerate  the
icing of transmission lines, increasing the risk of transmission line damage.

Electric  power  systems,  on  the  other  hand,  also  affect  microclimate.  For
example,  renewable  energy  stations  change  the  original  underlying  surface,
influencing the distribution of wind and solar radiation. The use of air-condi-
tioning increases heat and pollutant emissions, strengthening the UHIE.

The increase in renewables strengthens the link between microclimate and
electric power systems. Although the significance of the link is being increas-
ingly recognised, there still exists critical open questions: To what extent can
electric power systems and microclimate affect each other? How to apply the
interactions  to  electric  power  systems?  What  kind  of  microclimate  data  is
needed by  electric  power  systems? How to  obtain  such microclimate  data?
This  review  aims  to  answer  these  questions  by  exploring  key  interactions
between  microclimate  and  electric  power  systems.  As  shown in Figure  1,  it
includes  loads-level  interaction  between  UHIE  and  air-conditioning  energy
consumption;  renewables-level  interactions  between  microclimate  (solar

radiation,  temperature,  evaporation,  and  soil  moisture)  and  solar  energy,
microclimate  (wind  and  temperature)  and  wind  energy;  transmission  lines-
level interaction between microclimate (temperature, humidity, and wind) and
transmission  lines.  Furthermore,  the  applications  and  related  techniques  of
the interactions are described. Finally, the future directions for understanding
and applying the interactions are outlined. 

THE INTERACTION BETWEEN URBAN MICROCLIMATE AND AIR-CONDI-
TIONING ENERGY CONSUMPTION

The  interaction  between  urban  microclimate  and  air-conditioning  energy
consumption can be  described  as  a  positive  feedback  loop:  urban microcli-
mate  prominently  affects  air-conditioning  energy  consumption,  which
increases  waste  heat  to  enhance urban microclimate  (Figure  2A). We intro-
duce a positive feedback loop in two parts,  including the impact of  UHIE on
air-conditioning  energy  consumption  and  the  impact  of  air-conditioning
energy consumption on UHIE. Further, we propose two strategies to mitigate
the effect of the positive feedback loop (Figure 2B). 

The UHIE makes air-conditioning energy consumption surge
Air-conditioning  energy  consumption  accounts  for  30  %~50  %  of  total

energy consumption during summer in some metropolis.20 As a phenomenon
of microclimate, UHIE is a reason for high air-conditioning energy consump-
tion, as indicated by the real-world data summarized in Table 1.

UHIE  could  result  in  an  average  increase  of  19.0  %  in  cooling  energy
consumption.13 The  influence  of  UHIE  on  air-conditioning energy  consump-
tion can be described as a multi-factorial process with saturation and a time
lag,  as  observed  in  Beijing,  2005,  where  the  electric  air-conditioning  energy
consumption attributed to the comprehensive influence of UHIE, temperature
and humidity effect, and cumulative effect accounted for 47 % of the summer’
s total  electric air-conditioning energy consumption.28 When air  temperature
increases,  air-conditioning  energy  consumption  surges  with  a  saturated
effect; the effect of temperature on air-conditioning energy consumption has
a  cumulative  effect.  The  cumulative  effect  refers  to  the  air-conditioning
energy consumption of the day is not only affected by the temperature of this
day but also by the temperature of the neighbouring previous days, for exam-
ple,  In  the  summer,  although  the  temperature  suddenly  drops  after  many
days of high temperature, the air-conditioning energy consumption does not
drop suddenly; the cumulative effect and UHIE have a comprehensive effect.
UHIE  keeps  the  urban  areas  at  high  temperature  continuously  in  summer,
consequently making the cumulative effect more significant.

The impact of UHIE on air-conditioning energy consumption is of spatial-
temporal variability within the city.22,27 Also, the impact of UHIE on air-condi-
tioning energy consumption is influenced by building types and the surround-
ing environment of buildings. For example, in Nanjing, China, UHIE showed a
stronger impact on air-conditioning energy consumption for residential build-
ings than that for office buildings.27 The transpiration effect of vegetation next
to buildings contributes to higher humidity.29 High temperature and humidity
make people feel hotter during summer, leading to a surge in air-conditioning
energy consumption.30
 

The utilisation of air-conditioners strengthens the UHIE
Meanwhile,  air-conditioners,  in  turn,  play  a  role  in  strengthening  the  UHIE

by  pumping  waste  heat  from  the  indoors  to  the  outdoors.  For  instance,  in
Beijing,  on July 3,  2005, electric air-conditioners discharged 3×109~5×109 kJ
of waste heat, raising the temperature by approximately 1.94 ℃.
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The  severity  of  the  impact  depends  on  drivers  such  as  urbanization,
climate change, development of cooling technology, and economic develop-
ment.31,32 Especially, the warm-climate developing countries that are densely
populated and rapidly urbanizing are facing unprecedented demand for cool-
ing,33 which  makes  this  impact  particularly  serious.  The  impact  can  further
trigger  cascading  effects.  For  example,  urban  anthropogenic  heat  such  as
waste heat from air-conditioners would induce compound hot extremes, trig-
gering  a  mortality  spike,  causing  heat-induced  labour  loss,  and  influencing
plant survival  during heat stress.34-36 The influence of this impact on human
comfort,  economics,  ecosystems,  and  climate  change  underscores  the
imperative of mitigating the impact. 

The utilisation of the interaction
It is noted that this positive feedback will aggravate with global warming,14

because  anthropogenic  heat  emissions  from  air-conditioners  tend  to
increase  linearly  with  global  warming,  inducing  additional  urban  warming.
The superimposition of positive feedback and global warming highlights the
need for tailored urban adaptation strategies through utilizing the interaction
between urban microclimate and air-conditioning energy consumption.

One  strategy  for  alleviating  the  positive  feedback  loop  is  to  reduce  waste
heat. Electric vehicles are examples as they emit only 19.8 % of conventional
vehicles’ emissions per  mile.  In  Beijing,  China,  replacing  conventional  vehi-
cles with electric vehicles can decrease heat island intensity (HII) by 0.94 °C,
reducing  air-conditioning  energy  consumption.37 In  addition,  energetically
sustainable buildings (e.g.,  high-efficiency buildings with solar  heating tanks
and  building-integrated  photovoltaic38-40)  are  practical  alternatives  to  reduce

pollutant  emissions.  Also,  innovation  in  refrigerant  and  waste  heat  recovery
technology is an effective approach.

The  second  strategy  is  to  promote  building  energy  saving.  The  coloured
low-emissivity films  for  building  walls  can  promote  building  energy  conser-
vation by mitigating radiative heat exchange between the indoor and outdoor
environment.41 Also,  building-integrated  vegetation  reduces  the  temperature
by  providing  shade  and  evapotranspiration,  thus  boosting  building  energy
savings.42 The air-conditioning energy savings attributed to  green roofs  and
green  walls  can  be  up  to  85  %  and  66  %,  respectively.43 Instead,  cool  roofs
can cool the air by increasing the albedo, demonstrating the excellent perfor-
mance  of  cooling  energy  savings.  For  example,  cool  roofs  in  Chicago  have
been shown to increase the albedo by 1.6 %, corresponding to the cool effect
of  65,000  window-sized  air-conditioners  running  at  full  capacity  during  the
summer.44 Nevertheless,  both  greenery  on  buildings  and  cool  roofs  would
have adverse effects. Cool roofs would contribute to the reduction of precipi-
tation, as observed in the United States, where the deployment of cool roofs
from Florida to the north-eastern United States could decrease the precipita-
tion  by  2~4  millimetres  by 2100;45 green  roofs  may  aggregate  the  urban
nocturnal  warming  because  there  is  less  evaporation  and  more  releases  of
plants’ stored  energy  when  the  sun  falls,44 increasing  the  demand  for  air-
conditioners;  green roofs can not  reduce the temperature inside the canyon
with wind parallel to the street.46 Overall, measuring the microclimate param-
eters  such  as  wind  direction  and  solar  radiation  in  the  different  urban
morphologies can contribute to the development of urban cooling strategies.
Also,  guidelines combining greenery  infrastructure  and cool  roofs  should be
made.  The  guidelines  can  range  from  simple  rules  such  as  optimising  the

 

Figure 1.  The interactions between microclimate and electric power systems (A) The urban heat island effect (UHIE) makes air-conditioning energy consumption downtown
higher than that in suburban during summer. (B) Photovoltaic (PV) panels change the local solar radiation balance,14 further impacting albedo, evaporation, temperature, and soil
moisture. Consequently, the influence of PV on microclimate can bring ecological, economic, and social benefits. Conversely, natural environments like bodies of water and agri-
cultural  land can mitigate  temperature,  enhancing the  efficiency  of  PV modules.  (C)  Turbulent  turbine  wake within  wind farms influences wind turbines'  steady and transient
operation. Meanwhile, wind farms can modify microclimatic parameters such as wind and temperature by altering surface roughness and disrupting natural energy cycles.15-18

(D) Transmission lines are inclined to freeze when exposed to micro-topography such as a valley, which concomitantly couples with low temperature and high humidity.
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height of greenery infrastructure on buildings,  and selecting suitable materi-
als for cool roofs and vegetation types for greenery infrastructures, to frame-
works considering the maintenance cost,  surrounding built  morphology, and
irrigation strategies. 

THE INTERACTION BETWEEN MICROCLIMATE AND SOLAR ENERGY
Nowadays,  many studies have begun to explore the integration of  the PV

industry with agriculture, ecology, and architecture. The synergistic utilisation
of solar energy can not only alleviate the damage to nature but also provide
synergistic  outcomes.47 Here  we  highlight  the  planning  of  PV  stations  in
deserts,  on  the  rooftops,  over  water  bodies,  and  in  the  farmland.  In  the
scenarios,  energy,  ecological,  and  economic  benefits  are  achieved  through
the interaction between microclimate and solar energy (Figure 3). 

Constructing solar farms in deserts
In natural  deserts,  the construction of solar farms may enhance desertifi-

cation control through the microclimate variation-vegetation recovery-animal
husbandry process (Figure 3A). The construction of solar farms in the deserts
can change the microclimate in two ways. (1) By modifying the regional radi-
ation  balance,  solar  farm  installations  trigger  a  feedback  loop  involving
albedo,  precipitation,  and  vegetation  recovery.  For  example,  in  the  Sahara
Desert,  the  development  of  solar  energy  infrastructure  reduces  terrestrial
albedo,  leading  to  a  consequential  increase  in  precipitation  of  more  than
twofold, consequently promoting the recovery of vegetation.48 (2) PV shading
modifies  soil  surface  microclimate  including  soil  moisture,  soil  temperature,
and evaporation,  thus facilitating vegetation growth.  For  example,  in  the Mu
Us Desert,  China,  compared  with  the  area  30  m near  a  solar  power  station,
the  PV  shading  effect  weakens  evaporation  by  51.3  %,  reduces  the  soil
temperature  by  9.6  %,  and  boosts  soil  moisture,  which  makes  vegetation
coverage, biomass, and species richness increase by 6.75 times, 22.69 times,
and 1.92 times, respectively.49 However, abundant pasture would affect solar
power  generation  and induce fire  hazards.  Consequently,  grazing  is  used to
control the growth of pasture,50 which is the origin of “PV sheep”.

Despite the potential benefits, there are concerns. The site preparation and
high-density development of solar facilities for solar farms may lead to vege-
tation  degradation.51-53 Additionally,  distinct  subsurface  and  thermodynamic
patterns may demonstrate  different  albedo and microclimate  changes,  thus
contributing to  the  diverse  responses  of  desert  plants  to  solar  farms.  Solu-
tions  have  been  proposed:  (1)  design  the  scale  and  density  of  solar  farms
reasonably. A more dispersed and smaller PV installation could result in less

environmental  change;54 (2)  assess the long-term resilience of desert plants
to solar  energy development  decisions,  particularly  focusing on the impacts
of  mowing  and  the  decoupling  of  washing  systems  on  desert  plants;  (3)
consider regional characteristics such as climate and soil condition. 

Planning PV on the rooftop
Through  shading  effect  and  increased  albedo,  PV  changes  the  urban

microclimate, ultimately improving the habitat (Figure 3B). For example, in the
Los Angeles basin,  the high-density  deployment of  rooftop PV could reduce
the air temperature by 0.2 °C in 2013, and in Paris, rooftop PV would increase
household heating energy demand by 3 % in winter and reduce air condition-
ing energy demand by 12 % in summer. Further, the cooling effect of rooftop
PV can improve human health and comfort in urban areas. For instance, the
rooftop PV deployment  in  Paris  reduced the  number  of  people  impacted by
heat stress by 4 % during the 2003 August heatwave.55 Also,  building PV on
top  of  parking  lots  could  reduce  the  temperature  inside  cars,  alleviating
people’s discomfort in hot environment.56
 

The development of floating PV
By impacting  solar  radiation  and surface  wind  speed,  installing  PV power

plants on water bodies such as lakes, canals, and reservoirs has the potential
to reduce evaporation, bringing ecological and energy benefits.57-59 Deploying
solar  arrays  over  canals  could  have  many  advantages  by  changing  the
microclimate  (Figure  3C).  Shade  from  PV  might  reduce  evaporation  and
thereby  save  water  resources;47 the  reduction  of  direct  sunlight  on  water
bodies inhibits photosynthesis and algae growth, thus achieving better water
quality;  proximity  to  water  creates  cooling  and  a  less  dusty  environment,
which enhances the performance of Cadmium Telluride (CdTe) PV modules.
Extending  the  PV  power  plants  to  fish  farms,  the  array  shading  effect  may
reduce the water surface temperature, effectively cutting down the economic
loss of the aquaculture industry and protecting the bio-diversity.  By shading
the  reservoir,  floating  PV  power  plants  may  reduce  the  carbon  intensity  of
hydroelectric power generation.60,61

However,  negative  effects  also  exist  due  to  the  specific  microclimate
conditions  of  floating  photovoltaics.  For  instance,  the  oxygen  depletion
resulting from inhibiting algae growth would harm bio-diversity and drive the
release of methane.60,62 In addition, PV power plants installed on water bodies
are subject to a more humid microclimate than those installed on land, which
increases  the  reliability  issues  of  solar  panels.62-64 Besides,  the  lower  water
temperature  electromagnetic  fields  generated  by  cables  may  impact  the
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Figure 2.  The feedback loop between urban microclimate and air-conditioning energy consumption (A) The schematic illustrates the interaction between the urban heat island
effect (UHIE) and air-conditioning energy consumption. The combined effects of UHIE (highlighted in the blue box, representing the cause), temperature and humidity effect, and
cumulative effect, result in (highlighted in the red box): a significant increase in air-conditioning energy consumption and waste heat, further exacerbating the UHIE, thus forming
a vicious cycle. (B) Reducing waste heat and promoting the building energy saving are two strategies to mitigate the effect of the positive feedback loop.
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ecosystem.65 Therefore, when  weighing  the  development  of  floating  photo-
voltaics from the perspective of microclimate, it is necessary to determine the
optimal  size  and  siting  of  floating  photovoltaics  to  limit  environmental
impacts. 

Locating PV with agriculture
Coexisting  agriculture  and  PV  infrastructure  can  bring  energy-water-food

benefits  (Figure  3D).  PV  shading  can  improve  the  efficiency  of  irrigation
(water)  and  enhance  agricultural  yields  (food),66 while  transpiration  cooling
from the crops cools the PV panels, improving PV efficiency (energy).67 Also,
the  electricity  generated  by  PV  power  plants  can  be  used  for  local  water
management and fertilizer  production.68 However, the microclimate environ-
ment  created  by  PV  shading  is  not  adapted  for  all  crops.  Shade-tolerant
plants  including  lettuce  can  adapt  themselves  to  shading,  whereas,  yield
reduction occurs for crops such as wheat and potatoes.69
 

THE INTERACTION BETWEEN MICROCLIMATE AND WIND ENERGY
Wind  energy  utilisation  is  highly  dependent  on  meteorology.  We  describe

the  impact  of  the  wake  effect  on  wind  energy  operation  and  utilisation,
respectively.  Also,  the  impact  of  wind  farms  on  the  surrounding  wind  and
temperature is introduced. 

The influence of the wake effect on the steady and transient operation of
wind turbines

The  wake  effect  is  the  phenomenon  of  wind  speed  variation  as  the  wind
passes  through  the  turbine,  creating  a  prominent  microclimate  within  the
wind  farm.  Wind  farm  wakes  have  been  observed  to  extend  up  to  50  km,70

affecting nearly 90 % of independent wind farms in the United States in 2016,
mirroring global tendency.

The  wake  effect  would  lessen  downstream  wind  turbine  output.71,72 For
example, in West Texas, clustered wind farm complexes reduced generation
at  the  downwind  farm  by  5  %  roughly  due  to  the  wake  effect,  which  is  the
most significant when the atmosphere is stably stratified and the wind is in a
specific direction.70 Also, Strong turbulence and wind shear can affect fatigue
loads and the structural performance of downstream wind turbines.73 In addi-
tion,  coupling  with  the  micro-topography,  the  wake  effect  would  threat  the
safe and stable operation of wind farms.74,75 For example, the leeward slope is
prone  to  generate  great  turbulence  intensity,  thus  increasing  the  fatigue
loads.76 However,  the topography may also mitigate the impact of  the wake
effect  on  wind  power  generation.  A  larger  gradient  with  a  longer  slope  can
achieve a more conspicuous wind acceleration.77

The  wake  effect  also  influences  the  transient  operation  of  wind  turbines.
During the implementation of the low-voltage ride-through (LVRT), the output
power of wind turbines varies because of the wake effect, which contributes
to the different terminal  voltages,  thus forming distinct  external  characteris-
tics.  After  eliminating  or  mitigating  the  fault,  the  untimely  withdrawal  of  the
LVRT  measures  would  generate  over-voltage.78 Considering the  microcli-
mate  in  wind  farms  could  decrease  the  voltage  deviation  by  36  %,79 which
addresses safety concerns for large-scale wind farms. 

The  impact  of  microclimate  on  wind  energy  utilisation  within  micro-
topography

Both  natural  and  urban  landscapes  create  micro-topography,  promoting
the development of microclimate, and impacting wind energy utilisation.

The  microclimate  parameters  including  wind  speed  and  turbulence  levels
are  sensitive  to  natural  terrains,  which  impact  the  operation  of  wind
turbines.80,81 For  example,  in  the  Hexi  Corridor,  China,  the “canyon  effect”
coupling with low vegetation cover leads to intensive wind energy. However,
the squeezing effect of  the canyon on the wind can intensify the turbulence
chaos,  to  which  wind  turbines  are  highly  susceptible.  Consequently,  the
“canyon  effect” benefits  the  wind  power  generation  during  two  conditions:
when  the  prevailing  wind  direction  is  concentrated  and  consistent  with  the
direction of the canyon; when the canyon’ terrain is flat.

The  building  morphology,  architectural  design,  and  layout  form  the  urban
micro-topography,  which  influences  the  utilisation  of  urban  wind  energy  by
promoting  the  formation  of  microclimate.82-84 For  instance,  changing  urban
density from compact to sparse urban layouts not only decreases turbulence
levels  above  building  roofs  but  also  enables  airflow  to  penetrate  the  street
canyon  at  higher  wind  speed;85 compared  with  the  sharp  corner,  a  rounded
corner  roof  results  in  higher  wind  density  and  lower  turbulence  intensity  on
downstream  buildings,  thus  demonstrating  better  wind  energy  potential;  a
building  arrangement  with  cross-angle  diverging  channels  can  create  a
“venturi  effect”,  producing  high  wind  power  density  and  low  turbulence
density.86
 

Wind farms transform the deserts
The construction of wind farms can render the microclimate of deserts to

change, mitigating the desert expansion by establishing positive “vegetation-
precipitation” feedback.87 In  the  Sahara  Desert,  wind  farms  increase  the
surface roughness and vertical mixing effect, both of which promote precipi-
tation. Further, enhanced precipitation leads to increases in vegetation cover
fraction  (+0.084),  leaf  area  index  (+0.50  m2 /m2 ),  and  root  carbon  (+0.08
kgC/m2 ), which has positive feedback on evaporation and roughness.48 In the
Gobi  Desert  in  China,  the  rotation  of  the  wind  turbine  blades  drives  vertical
mixing,  enhancing  local  evaporation  and  rainfall,  which  contributes  to  the
growth of vegetation.88 Meanwhile, the shrubs reduce evapotranspiration and
wind speed through shading, further increasing humidity and creating a more
suitable microclimate for vegetation growth. 

THE IMPACT OF MICROCLIMATE ON TRANSMISSION LINES
Here  we  introduce  the  impact  of  microclimate  on  transmission  lines  in

micro-topography, including the influence of temperature, humidity, and wind
speed  on  transmission  lines  icing,  and  the  influence  of  lightning  strike  on
transmission lines’ safety and reliability. 

The impact of microclimate on transmission lines icing in micro-topog-
raphy

The  coupling  of  microclimate  and  micro-topography  would  provide
favourable conditions for icing. Passes, windward slopes, rivers, lakes, reser-
voirs,  and  cloud-encircled  mountainsides  with  sufficient  water  vapours  are

 

Table 1.  Summary of UHIE impacts on air-conditioning energy consumption

Location, Publication year Influence Temperature data Study sites Reference

WesternAthens, Greece, 2000 In 1997: +66 %; In 1998: +33 % 1R-4U (July 1997, July 1998) D 21

London, UK, 2012 +34 % 1R-19U (one year) O 22

Hongkong, China, 2011 D&O: +10 % 1R-4U (May 2010 to October 2010) D&O 23

Boston, US, 2013 D: +5 %; O: +41 % 2R-1U (one year) D&O 24

Rome, Italy, 2015-2016 46 % 1R-4U (2015-2016) All buildings in the city 25

Beijing, China, 2017 +11 % 7U-10R (one year) O 26

Nanjing, China, 2020 D: +12~24 %; O: + 9~14 % 35U (August 2016 to July 2019) D&O 27

“+” represents the increase of air-conditioning energy consumption; D” represents residential buildings; “O” represents office buildings; “R” represents rural
observation stations; “U” represents urban observation stations.
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vulnerable  to  icing.89 Airflow  is  concentrated  and  accelerated  within  the
passes. The wind speed on the central axis of the valley can be more than 30 %
higher  than  the  local  flat  wind  speed.  Superimposing  with  low  temperature
(below 0  ℃)  and  high  humidity  (above  85  %),  the  wind  delivers  a  steady
stream of  super-cooled  water  droplets  to  the  transmission  lines  across  the
passes, thus provoking icing; on the windward slope, the air masses contain-
ing super-cooled water droplets are forced up along the slope by the strong
wind,  undergoing adiabatic  expansion,  ultimately  contributing to  icing;  when
the cold wave invades, the icing phenomenon is formed in the river and lake
areas  which  are  abundant  in  water  vapours.  When  the  angle  between  the
wind  direction  and  the  line  direction  is  greater  than  45  °,  the  galloping  of
transmission lines is more likely to occur under the influence of the wet and
cold  pulsating  air;  in  canyon areas,  the “canyon effect” makes transmission
lines withstand stronger winds. Combined with sufficient water vapours and
low temperature, the transmission lines are easy to icing. 

The impact of lightning strike on transmission lines in micro-topography
Under  the  influence  of  micro-topography  and  microclimate,  transmission

lines passing through ridges, windward slopes, valleys, and water ponds will
be more susceptible  to  lightning strike.90 When the transmission lines cross
the  valley,  both  sides  of  the  cliff  have  an  attractive  effect  on  the  lightning
leader,  which  is  likely  to  form  a  certain  angle  of  incidence,  increasing  the
probability of lightning shielding failure; when the transmission lines cross the
ridges, less shielding effect make them vulnerable to lightning;  on the wind-
ward  slope,  the  wind  promotes  the  warm and  humid  airflow to  climb along
the  hillside,  further  forming  the  thunderstorms.  The  development  of  terrain
thunderstorms makes  transmission  lines  susceptible  to  lightning;  under  the
humid  microclimate  conditions  of  farmland  ponds,  the  charge  is  sufficient,
which makes it easy to form a thermal thunderstorm in the hot and windless
afternoon of summer, increasing the lightning shielding failures of transmis-
sion lines. 

APPLICATIONS AND TECHNOLOGIES
Organized into four key aspects: loads, solar

energy,  wind  energy,  and  transmission  lines,
we  next  discuss  microclimate-driven applica-
tions  in  electric  power  systems  and  review
recent progress in related techniques to guide
the application of interactions. 

Loads
Applications. Many  attractive  applications

have emerged from studying the microclimate,
including enabling  more  accurate  load  fore-
casting,  facilitating  energy  transition,  and
promoting  demand  response  initiatives.
Microclimate  provides  essential  information
for  accurate  load  forecasting  in  the  electrical
grid.  For  example,  by  dividing  large  power
grids into several subnets and taking microcli-

mate into account, the short-term load forecasting error during summer can
be  reduced  by  about  40  %.91 Besides, considering  the  influence  of  microcli-
mate on  urban  energy  systems  would  improve  both  the  financial  perfor-
mance (including initial capital investment, as well as operation and mainte-
nance costs) and resilience of energy systems, further supporting the decar-
bonisation of the energy sector.92,93 Additionally, microclimate plays a pivotal
role  in  bolstering  urban  demand-side  management  strategies.  For  example,
compared  with  not  adjusting  indoor  microclimate  parameters,  adjusting
parameters can reduce average thermal load by 4 %, and improve indoor air
quality.94

Technologies. The  approaches  to  assessing  the  impact  of  UHIE  on  air-
conditioning  energy  consumption  include  physical-based  models  and  data-
driven  models.  Physical-based  models  simulate  air-conditioning  energy
consumption based on metrics like materials,  building characteristics, urban
area,  and  reference  site.95 Combining  building  performance  simulation  tools
(e.g.,  EnergyPlus96,97 and TRNSYS95)  with microclimate software (e.g.,  UWG98

and Envi-Met99) is widely utilised. These methods can provide high temporal
resolution. However, they need numerous input parameters and computation
for  large-area  studies.  Data-driven  models  are  developed  by  demonstrating
the  statistical  relationship  between  UHIE  and  air-conditioning  energy
consumption.28 They  are  easy  to  calculate  and  assess  factors  such  as  the
economy and climate change. 

Solar energy
Applications. Microclimate  has  been  taken  as  a  factor  in  solar  power

station  planning  and  design.  For  example,  in  farms,  PV  systems  achieve
shadow management by modifying the PV panels’ structure (e.g.,  PV panels
interleaved  with  solar  cells  and  transparent  areas,68 bifacial  panels,100 and
dynamic  PV  panels  with  solar  trackers101)  and  utilizing  unique  PV  materials
(e.g.,  the  solar  spectrum-splitting  system102).  On  water  bodies,  considering
the impact of microclimate on the thermo-electrical performance of the float-
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Figure 3.  The  interaction  between  microclimate
and  solar  farms  in  four  scenarios The  innermost
layer  represents  four  scenarios  including  desert,
rooftop, water body, and farmland. The middle layer
represents  the  variation  of  microclimate  elements.
The  outermost  layer  represents  the  benefits  of
improving microclimate. (A) Large solar farms in the
deserts  may  facilitate  desertification  control  by
changing the microclimate, providing the benefits of
vegetation  recovery,  animal  husbandry,  and  energy.
(B)  By  increasing  the  albedo,  rooftop  photovoltaic
(PV)  can  provide  the  benefits  of  urban  heat  island
effect (UHIE)  mitigation,  building  energy  conserva-
tion,  and  improvement  of  human  comfort.  (C)
Deploying  solar  arrays  over  canals  could  bring
energy  and  environmental  benefits.  (D)  Combining
the solar energy facility with farmlands changes the
microclimate conditions,  enhancing the relationship
between food, water, and energy.
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ing  PV  systems,  the  microclimate  reformation  algorithm  models  are
combined  with  the  energy  modelling  to  evaluate  the  energy,  environmental,
and economic planning strategies.103

Technologies. Solar power  forecasting  considering  microclimate  condi-
tions facilitates energy planning and management. Remote sensing technol-
ogy (1 m~1 km) and sky cameras (1 m~2 km) are common approaches to
achieve  solar  forecasting  with  high  spatial  resolution.104 Recently,  hybrid
approaches  (e.g.,  Clustering-based  models,105 and  Evolutionary  models106)
have shown good potential to benefit the final forecasting and speed conver-
gence. After acquiring the solar forecasting data, the methods to convert irra-
diance to power include statistical curves based on the relationship between
weather inputs and PV power, and model chains like pvlib package in Python.

Modelling the relationship between the PV shielding effect and evaporation
reduction  is  beneficial  to  evaluating  PV  stations’ economic  and  ecological
benefits. Nowadays, some researchers estimate evaporation reduction based
on  the  experimental  statistical  relationship  between  shading  and
evaporation.107 For example, in reference to the previous experiments, 44~90
% is  utilised to  estimate the evaporation reductions due to  PV shading over
the canal.47 This method is intuitive, while needs to consider factors such as
climate conditions in different regions to form a complete database. In addi-
tion, the evaporation numerical method is a choice to calculate the evapora-
tion rate, like Penman and linear regression model.108
 

Wind energy
Applications. The  interaction  between  microclimate  and  wind  power

generation can be applied in wind power forecasting, the planning and opera-
tion  of  wind  power  stations.  Considering  the  wake  effect  can  improve  the
accuracy of  wind power  forecasting.  For  example,  compared with  the  tradi-
tional models, a physics-inspired neural network model considering the wake
effect  improves  wind  power  prediction  performance  by  more  than  20  %.  In
addition, microclimate plays a role in the wind power stations’ planning in two
ways,  including  the  selection  and  layout  of  wind  turbines,  and  wind  turbine

fatigue  life  analysis.109-111 Besides, Controlling  the  wake  effectively  can  opti-
mize the wind farm power, facilitating the operation of wind power stations.112

For  example,  in  the  TransAlta  Renewables  wind  farm  in  Alberta,  Canada,
wake  steering  increases  power  generation  by  7  %~13  %  on  average  and
reduces fluctuations in power generation.113

Technologies. Predicting  wind  power  output  while  considering  wake
effects  requires  sophisticated  modelling.  Nowadays,  the  wake  modelling
approaches can be divided into two categories: the first is utilizing computa-
tional fluid dynamics (CFD) simulation or combining the weather model (e.g.,
numerical weather  prediction  (NWP)  model)  with  geographical  and  atmo-
spheric  elements  (e.g.,  land  surface  model,  cloud  micro-physics,  long-wave
radiation, and short-wave radiation) to capture microclimate.70 However, they
need a  long computational  time.  The  second is  using  the  analytical  models
(e.g.,  Jensen  model,  MOST-Gaussian  model,  and  G.  C.  Larsen  model).111

Among them, the MOST-Gaussian model is a good choice for various surface
roughness  and  atmospheric  stability  conditions.114 Due  to  its  simplicity  and
accuracy,  the  Jensen  model  is  widely  used  for  optimizing  wind  turbine
layout.115 Based  on  the  wake  modelling,  a  power-wind  direction  model  is
constructed to update the wake effect loss. Further, the power-wind direction
parameters,  turbulence  intensity,  and  wind  shear  are  input  into  the  wind
power prediction  model  to  correct  the  wind  power  prediction  errors,  effec-
tively smoothing the wind power forecast fluctuations.

Controlling  the  wake  effect  can  be  beneficial  to  optimize  wind  power
production.  Various  wake  control  strategies  have  thus  been  devised  to
decrease the power loss of downstream wind turbines, including yaw control,
pitch control,  torque control,  and tilt  control.  Yaw and tilt  controls  are effec-
tive  ways  to  increase  wind  power  production.116 However,  yaw  control  may
influence  the  structure  loads,117 while  the  lack  of  adjusting  the  tilt  angle
actively  may limit  the  development  of  tilt  control.  Torque and pitch  controls
contribute to wake recovery rather than increase production. 

Transmission lines
Applications. Condition monitoring and real-time warning of transmission

 

Table 2.  The specific microclimate database for electric power systems

Applicable scenario Microclimate element Data source Spatiotemporal resolution

Loads Assess air-conditioning
energy consumption Urban heat island (UHI)

Government-sponsored weather
stations, such as the Global Historical
Climatology Network-Daily (GHCN-
Daily) dataset131

Due to the specific sites of
weather stations, the spatial
variations of the UHI cannot be
captured well

Gridded datasets using gridded
auxiliary datasets (e.g., Land Surface
Temperature (LST), Normal Difference
Vegetation Index (NDVI), and elevation)
to interpolate temperature,132-134 such as
TopoWx,135 a 1 km resolution air
temperature dataset in the United
States136

1 km resolution

Renewables

Solar energy power
generation Solar radiation

Geostationary satellites from National
Solar Radiation Data Base,
https://maps.nrel.gov/nsrdb-viewer/.

Hourly, 3~4 km resolution

Reanalysis datasets (e.g., COSMO-
REA6137, and PVGIS-SARAH137)

COSMO-REA6 (hourly, 6.2 km)
PVGIS-SARAH (hourly, 5 km)

Location planning of PV
power station Soil moisture

the Copernicus surface soil moisture
product
(https://land.copernicus.eu/global/
products/ssm); the recent RT1-based
TU Wien soil moisture product
(https://explorer. dte-
hydro.adamplatform.eu/).

the Copernicus surface soil
moisture product (1 km)
the Theia soil moisture product
(100 m)

Wind energy power
generation

Wind speed features at turbine
hub height

Reanalysis datasets, like ERA5138 Hourly, 0.3 ° (supply wind speed
at 100 m above the ground)

Transmission
lines Power equipment safety

Temperature, humidity, wind
speed, wind direction, rainfall,
pressure

Microclimate monitoring equipment
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lines  are  attractive  applications.  For  example,  the  MSP430  micro-controller
which can  detect  the  microclimate  of  transmission  lines  is  utilised  in  accu-
rate  multi-source  condition  monitoring,  effectively  reducing  operational
losses  caused  by  ice  galloping  in  micro-topography.118 Considering  that  the
coupling of microclimate and micro-topography influences the windage yaw
calculation, an improved computational model based on dynamic air density
theory  is  proposed  to  provide  warning  signals.119 Also,  understanding  the
interaction  is  beneficial  to  the  management  of  meteorological  monitoring
points.
Technologies. The  methods  for  predicting  transmission  line  ice  cover

under  micro-topography  can  be  classified  into  two  sorts:  one  is  image
processing technology. The other is artificial intelligence technology. Because
there is a high degree of complexity and non-linearity between microclimate
factors  and  the  ice  cover  thickness  of  transmission  lines,  it  is  difficult  to
predict  ice  cover  thickness through a  simple  fitting function.  Artificial  neural
networks  (e.g.,  back-propagation  neural  network,  generalized  regression
neural  network,  genetic  algorithm  combined  with  BP  neural  network)  are
good choices to be applied. 

OUTLOOK
With  the  rising  penetrations  of  meteorology-sensitive  power  sources  and

loads,  electric  power  systems  face  a  critical  challenge:  The  interactions
between microclimate and electric  power  systems are  being intensified and
have posed a deteriorating effect on energy sustainability, and the entire soci-
ety. There are three key effects of microclimate on the performance of elec-
tric  power  systems,  especially  with  the  increasing  utilization  of  renewables.
First,  the  volatility  and  intermittence  of  renewables  caused  by  microclimate
contribute to  the  uncertainties  of  accurate  forecast,  which  leads  to  opera-
tional  risks.  Second,  the uncertainties of  renewables increase the difficulties
of  risk  evaluation,  mainly  owing  to  the  computational  complexity  resulting
from the exponential growth of the order of the electric power system model.
Third, the integration of renewables introduces fluctuations in frequency and
voltage,  which  pose  challenges  to  risk  control  of  electric  power  systems.
Meanwhile, Power facilities can change the microclimate, bringing ecological,
economic, and social impacts. Further, the smart grid is gradually transform-
ing  into  cyber-physical-social  system  in  energy,  which  includes  generalized
physical  elements  such  as  carbon  emissions.120,121 Microclimate  influences
the  energy  consumption  of  residents  and  power  generation,  affecting  the
carbon emissions flow of electric power systems.122-124 Consequently, explor-
ing  and  utilizing  the  interactions  between  microclimate  and  electric  power
systems is the key to achieving carbon neutrality.

This  review  has  shown  that  the  change  in  microclimate  including  wind,
temperature,  humidity,  evaporation,  soil  moisture,  and  solar  radiation  is  the
key  to  the  interactions  between  microclimate  and  electric  power  systems.
Also,  microclimate-based  applications  and  technologies  are  described  to
guide  the  translation  of  the  interactions  into  microclimate  applications  in
electric power systems. Nevertheless,  there remain many research opportu-
nities  for  further  improvements.  We  perform  a  priority  ranking  of  future
research  avenues:  (1)  map  the  specific  microclimate  database  for  electric
power  systems;  (2)  convert  the  microclimate  into  actual  data  used  by  the
electric  power  systems  considering  the  interactions  between  microclimate
and electric power systems. 

Map the specific microclimate database for electric power systems
The meteorology of electric power systems is the cutting-edge demand of

industry  meteorology,  which  requires  higher  refinement  in  time  and  space.
For example, in space, the power generation capacity of new energy stations
requires spatial refinement up to ten meters and meters; in time, to satisfy the
instantaneous balance between power output and loads, the time refinement
demand of power systems for meteorological data can reach a minute level.
Nowadays,  the  meteorology  sectors  mainly  provide  hundred-kilometer-level
meteorological parameters, which can not meet the data requirement of the
energy  sector.125 The lack  of  complete  information  will  influence  the  utilisa-
tion  of  renewable  energy  and  the  operation  of  electric  power  systems.
Consequently,  Constructing  the  microclimate  database  for  electric  power
systems is necessary.

The  database  (Table  2)  could  include  the  temperature  distribution  under

urban  morphology,  the  wind  speed  at  turbine  hub  height,  wind  speed,  and
humidity  under  micro-topography.  Although  some  data  sources  have  been
listed, it  can be seen from Table 2 that there are three aspects of improving
gridded microclimate data of electric power systems:

First,  advanced data collection and processing methods should  be added
to ensure the quality of data. For example, pre-processing methods including
normalization,  calibration,  and  transformation  of  data  can  be  improved  to
make  data  suitable  for  analysis;  correlation  analysis  approaches  like  a
distributed  lag  non-linear  model  can  be  utilized  to  explore  the  microclimate
propagation  characteristics  (e.g.,  response  time  scale,  lag  time).  Combining
cloud-deployed software,  collaborative  effort  devices,  and  computer  infras-
tructure  with  approaches  including  remote  sensing  and  temporal  dynamic
satellite  observations,126,127 is  an  effective  way  to  increase  the  temporal-
spatial  resolution  of  microclimate  maps.  However,  implementing  advanced
data  collection  and  processing  techniques  involves  substantial  financial
costs.  Engaging  in  data-sharing  initiatives  with  other  organizations  can  be
beneficial  to  reduce expenses.  Also,  employing machine learning algorithms
to automate data processing operations can reduce labour costs.

Next, it is essential to create a comprehensive vertical profile. The existing
datasets  do  not  take  the  vertical  profile  of  electric  power  systems  into
account.  Even though datasets such as ERA5 try  to describe wind speed at
turbine  hub  height,  the  spatial  resolution  is  coarse.  The  key  to  creating  the
comprehensive  vertical  profile  of  electric  power  systems  is  to  accurately
consider the underlying surface characteristics after the construction of elec-
tric  power  systems  and  understand  what  microclimate  parameters  would
affect  electric  power  systems.  This  process  involves  detailed  field  surveys,
high-resolution  modelling,  and  data  integration,  contributing  to  increased
costs. To reduce the costs, data fusion techniques can be employed to inte-
grate  data  sources,  decreasing  reliance  on  high-cost  data  acquisition.  In
addition, high-efficiency simulation and modelling techniques can reduce the
need for extensive field measurements.

Third, we  should  improve  microclimate  forecasting  technology.  Microcli-
mate  is  affected  by  large-scale  meteorological  movement.  The  historical
database of microclimate cannot reflect the variation trend. NWP techniques
like the  ECMWF  Integrated  Forecasting  System  (IFS)  provide  precise  fore-
casts  and  have  enhanced  their  resolution  consistently.128-130 Recently, artifi-
cial  intelligence  methods  including  FourCastNet  and  Pangu-Weather  have
shown  potential  in  accelerating  high-resolution  weather  forecasting.131

Further,  employing  cloud  and  edge  computing,  and  collaborating  with  other
research institutions can optimize resource usage and facilitate  cost  reduc-
tion. 

Approaches to utilising the interactions between microclimate and elec-
tric power systems

Despite some open-source tools and models being used to convert mete-
orological  data  into  energy  system  model  inputs,139-142 there  are  still  some
challenges  in  energy  system  modelling.  First,  energy  system  modelling
should evaluate  the  methodological  uncertainty  owing to  microclimate  vari-
ability.  Second,  more  attention  should  be  paid  to  the  risk  evaluation  and
prediction  of  the  bulk  electric  power  system  impacted  by  microclimate,
including the power imbalance, insufficient climbing capacity, and oscillatory
instability.

The  power  balance  of  electric  power  systems  is  affected  by  multiple
uncertainties compounded by operation status, interconnection transmission
capacity, load demand, power output, and balancing resource supply. Most of
these  factors  are  related  to  microclimate.  To  accurately  assess  the  risk  of
power imbalance, it  is necessary to introduce the power imbalance index as
the output value for constructing the multi-day power balance model of elec-
tric energy systems. The main inputs for the model are hourly time series of
the  simulated  natural  river  runoff,  load,  wind  power  generation,  and  solar
power generation. A probabilistic interval distribution is used to parameterize
the  non-meteorological sensitivity  constraints,  including  contact  line  capac-
ity  and  section  capacity.  The  risk  of  power  imbalance  is  thus  quantified  by
considering  the  minimum  sum  of  hydro  and  thermal  power  generation,
combined  with  potential  load  loss.  Weighting  factors  are  incorporated  to
account  for  the  economic  priorities  of  power  sources  and  load  demands.
Further, the sensitivity analysis method is utilized to quantify the influence of
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input variables on output variables and calculate the variance of source-load
fluctuations  on  power  imbalance  metrics  under  microclimate  conditions.
There are two key aspects that researchers consider when assessing power
imbalance: computational burden and prediction performance. Artificial intel-
ligence  techniques  like  extreme  learning  machines  are  good  choices  that
need fewer scenarios than traditional Monte Carlo-based methods to repre-
sent the intricate non-linear relationship between the microclimate and elec-
tric power systems with excellent accuracy.

In terms of the evaluation of climbing capacity, for example, to convert the
meteorological parameters into the wind power ramping rate needed by elec-
tric power systems, two steps are required: (1) we should combine the micro
(kilometres and below), medium (kilometres to tens of kilometres), and macro
(tens  of  kilometres  and  above)  meteorological  data  to  make  microclimate
prediction.  The  wind  in  wind  farms  primarily  comes  from  outside  the  wind
farms. Monitoring the wind speed within the wind farms and extrapolating it
cannot accurately achieve the microclimate prediction. Therefore, the predic-
tion of microclimate within the wind farms can be divided into two stages: the
prediction of external meteorological movement and the impact of the move-
ment  on  the  internal  wind  speed  distribution;  (2)  using  the  internal  wind
velocity distribution within the wind farms instead of average wind speed to
align  with  the  non-linear  relationship  between  wind  speed  and  wind  power.
Also,  we  should  focus  on  inverse  peak  regulation  and  continuous  climbing
based on the adaptive sliding time window algorithm.
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