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Challenge heat demand peaks in highly renewable energy
systems

▶ heating sector accounts for about 40% of total CO2 emissions in Europe
and thus play a key role in reducing overall costs and greenhouse gas
emissions

▶ many scenarios to reach net-zero emissions in buildings rely on
electrification

Challenge

→ both demand and supply de-
pend on weather
→ heat demand is seasonal, ca-
pacities are only needed for a
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How can we cost-effective mitigate heat demand peaks?

Research questions

- how do heat demand
peaks influence cost and
design of a
highly-renewable European
energy system?

- which instruments are
most suitable to mitigate
these heat demand peaks?

cost for
heat supply

cost for
efficiency 
measure

co-optimising energy supply
and efficiency measures all over
Europe with high temporal
resolution
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Sector-coupling model PyPSA-Eur-Sec

covering all of Europe with hourly
resolution
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Heat supply

CHP: Combined Heat and Power plant, CH4: methane, DH: District Heating
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Energy System Optimisation

Find the cost-optimal energy configuration that consists of the operational
costs and a fixed generation and storage fleet

min

 total
system
costs

 = min

 ∑
nodes,
techs,
time

(
operational

costs

)
+

∑
nodes\lines

techs

(
annualised
capital costs

)

The ”total system” covers an hourly resolved time frame of one distinct year.
CO2 emissions are constraint to be net-zero.
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Instruments to mitigate space heat demand peaks

analyse individual and combined effects of the three instruments

▶ thermal energy storage in form of water tanks
(2 different types: short- and long-term)

▶ hybrid heating: gas boilers as backup for heat pumps

▶ building renovation by additional insulation material and replacing energy
inefficient windows

6
Digital Transformation in
Energy Systems

EN
SYS



Modelling building renovation on a large scale

country-specific building stock characteristic (age, insulation state, building
types)
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energy demand in % of unrefurbished
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(1) Determine energy-cost curves for
each country and sector
Space heat demand Espace

Espace = Φloss − ν · Φgain.

Costs for renovation measures cretro with
additional insulation δl

cretro(δl) =
∑
e

(
ce,fix + δle · ce,var

)
+cwindow.

(2) add two renovation measures with
linear relation between costs and heat
demand reduction
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8 possible combinations of the 3 balancing tools

scenario
building
retrofitting

thermal energy
storage (tes)

individual
gas boilers

flexible ✓ ✓ ✓

retro+igas ✓ ✗ ✓

retro+tes ✓ ✓ ✗

retro ✓ ✗ ✗

igas+tes ✗ ✓ ✓

igas ✗ ✗ ✓

tes ✗ ✓ ✗

rigid ✗ ✗ ✗
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Results - Total system costs
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-17% -14% -6% -3%
Total annual system costs

Biomass
solid biomass

biogas

Grids
transmission

distribution

Converters
H2 Electrolysis

H2 Fuel Cell

DAC

methanation

Storage
battery storage

methane storage

H2 storage

TES

Generation
hydroelectricity

OCGT

offshore wind

onshore wind

solar PV

solar rooftop

CHP

Heat
CHP

resistive heater

air heat pump

ground heat pump

gas boiler

building retrofitting

▶ balancing instruments reduce
overall costs by up to 17%

▶ most cost-effective is building
renovation (4 scenarios in the left)

▶ if building retrofitting is in place,
gas distribution could be removed
without significantly higher costs

▶ use of mitigating tools can avoid
public acceptance problems, as less
generation, storage and
transmission capacity is needed

9
Digital Transformation in
Energy Systems

EN
SYS



Results - Thermal supply example week

- backup gas boilers are used at peak demands

- high efficiency measures in individual heating systems
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Results - Building renovation

cost-optimal solution includes building renovations to save an average of
44-51% of space heat depending on the country
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Heat savings depend on the
combination of both the
country-specific costs for renovation
and the costs for energy supply during
the heating season
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Results - Thought experiment constant heat load
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thought experiment time-varying heat demand
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Sensitivity

vary scenario assumptions (distribution
costs, grid expansion, weather years,
cost for renovation, district heating
share, sink temperature of heat pumps,
restrict wind potential)
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0

25

he
at

 sa
vi

ng
s 

 [%
]

building retrofitting

0

100

ca
pa

cit
y 

 [T
W

h]

TES

fle
xi

bl
e

dh
-s

ha
re

-1
0

dh
-s

ha
re

-2
0

dh
-s

ha
re

-4
0

dh
-s

ha
re

-6
0

dh
-s

ha
re

-8
0

dh
-s

ha
re

-m
ax

0

200

en
er

gy
 

 [T
W

h]

individual gas boiler

various costs for retrofitting

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
cost factor for retrofitting

0

1000

2000

3000

4000

Th
er

m
al

 su
pp

ly
 

 [T
W

h t
h]

flexible

air heat pump
fuel cell heat
gas boiler

ground heat pump
resistive heater
solar thermal

water tanks discharger
CHP
retrofitting

550

575

600

625

650

To
ta

l s
ys

te
m

 c
os

ts
 

 [b
illi

on
 E

ur
o 

pe
r y

ea
r]system costs

different weather years

0 20
temperature 

 [Celsius]

0.0
0.2
0.4
0.6
0.8

on
sh

or
e 

wi
nd

 
 c

ap
ac

ity
 fa

ct
or

2010

0 20
temperature 

 [Celsius]

0.0
0.2
0.4
0.6
0.8

on
sh

or
e 

wi
nd

 
 c

ap
ac

ity
 fa

ct
or

2011

0 20
temperature 

 [Celsius]

0.0
0.2
0.4
0.6
0.8

on
sh

or
e 

wi
nd

 
 c

ap
ac

ity
 fa

ct
or

2012

0 20
temperature 

 [Celsius]

0.0
0.2
0.4
0.6
0.8

on
sh

or
e 

wi
nd

 
 c

ap
ac

ity
 fa

ct
or

2013

0 20
temperature 

 [Celsius]

0.0
0.2
0.4
0.6
0.8

on
sh

or
e 

wi
nd

 
 c

ap
ac

ity
 fa

ct
or

2014

0 20
temperature 

 [Celsius]

0.0
0.2
0.4
0.6
0.8

on
sh

or
e 

wi
nd

 
 c

ap
ac

ity
 fa

ct
or

2015

0

20

40

60

80

oc
cu

rre
nc

es

13
Digital Transformation in
Energy Systems

EN
SYS



Conclusion

up to 30% of 
total system 

costs are 
caused by 

seasonal heat 
demand peaks

building 
renovation 

enables largest 
cost reductions 
of up to 14%

with efficiency 
improvements, 

all gas 
distribution 
to buildings 

can be 
excluded with 

only 1-2% 
higher costs

investments in 
energy 

efficiency in 
buildings are 

driven by 
need to 

reduce peak 
demand, not 

overall 
energy 

consumption
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Link to the full paper

Mitigating heat demand peaks in buildings in a highly renewable European
energy system
Elisabeth Zeyen, Veit Hagenmeyer, Tom Brown
Energy, 15 September 2021,
https://doi.org/10.1016/j.energy.2021.120784
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Sensitivity - restrict wind potential
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