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The Latest Research in Europe

H

HEAT REPRESENTS ROUGHLY 50% OF THE EUROpean Union’s (EU) final energy demand (Figure 1). But in
the past, heat was largely absent in the energy debate, given
the traditional focus on energy supply data, which only
shows heat fuels, mainly fossil fuels and a small fraction of
electricity. The potential synergies between heat and electricity in the transition to a clean energy system have been
recognized in the EU’s 2016 heat strategy. The increasingly
decarbonized electricity system powered by renewable electricity can provide clean heat supply, while the flexibility of
heat demand can support electricity peak management and
the integration of variable renewable energies.
Heat electrification represents a growth area for the electricity industry, but balancing challenges are a major concern for short-term operations as well as long-term capacity

planning. The high seasonality of heat demand in many
countries, coupled with the increased supply variability due
to the parallel deployment of variable renewable generation,
is increasing the need for flexible operation and planning
to ensure supply and demand balance. Electric heating, if
deployed in an uncoordinated manner, results in proportionally stronger winter peak growth than average demand
growth and could further decrease asset utilization. However, heat can be stored more efficiently and economically
than electricity, which offers new opportunities for energy
system integration solutions. An intelligent or controlled
integration of electric heat can draw on the flexibility of the
heating sector (thermal storage and inertia) to facilitate the
integration of renewables and manage peak loads. The use of
information and communication technology (ICT) in electric
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Final Energy Demand (TWh)

and release the heat during the
day. Due to concerns over primary
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support the integration of variable
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renewable energy, and the parliament reversed its decision in 2013.
The French and German examples
illustrate the strong interaction
figure 1. Heat demand in the EU, 2015. [Source: Heat Roadmap Europe (2017),
of
residential electric heating and
Heating and Cooling—Facts and Figures.]
the power sector but also raise the
question on how integration of elecheaters could therefore provide the option to shift demand tric heating should be done to provide flexibility.
loads according to power system conditions, while also meetThis article will present latest research on heat electrifiing the building occupant’s heat requirement.
cation in Europe, with a focus on heat demand, heat technolIn France, where the majority of residential heating is ogies required to electrify, and system integration challenges
based on unmanaged electric resistance heating, the power and business models.
system is already experiencing the strong impact of heating.
Electric resistance heating was widely deployed in the 1980s Heat Demand
in France to guarantee demand when the country built its Half of the European Union (EU28)’s heating demand today is
nuclear generation fleet. Today, the temperature sensitivity of used for space heating (Figure 1). The largest heating demand
the French power demand (2,300 MW/°C) accounts for nearly in the residential and commercial sectors is space heating,
50% of the total temperature sensitivity in the EU. It is a major and in the industrial sector it is process heating (Figure 2).
driver for extreme peak loads and security of supply. Some Heat is not a homogeneous product like electricity and needs
demand-side management programs are being carried out as be differentiated based on the delivery temperature. Indoor
ad hoc measures to improve flexibility.
spaces can be heated using low-grade heat (30–100 °C) that
In Germany, electric overnight storage heaters were can be equally well produced from electricity and fossil fuels
quite popular in the past. These heaters use electricity dur- using a variety of mature conversion technologies. Industrial
ing night, store heat in materials with high thermal capacity, processes require high-grade heat with temperatures between
100 and 500 °C (30% of industrial heat demand) and higher
(42% of industrial heat demand) for applications such as iron
smelting. Conversion technologies for high-process heat are
3,500
under development and not as commercially mature or uneconomical depending on the application.
3,000
The potential of large-scale electrification of heat in the
2,500
next decades is mainly in low-grade heat. This article will
2,000
focus on residential applications due to the large heat demand
of the sector as well as data availability, but the findings can
1,500
also be applied to the commercial sector.
1,000
In the residential sector, space and water heating demand
500
represents roughly 80% of final energy use in Europe and
60% in the United States. If heat is electrified, electricity
0
Industry
Residential
Services
demand for it could increase considerably (also depending
on the parallel deployment of building efficiency measures
Hot Water
Other Heating
Process Cooling
Process Heating
in new and existing buildings). The potential impacts of heat
Space Heating
Space Cooling
electrification on the electricity system will also depend on
the flexibility of the heat system to decouple electricity use
and heat demand by storing heat. As described in the Gerfigure 2. The final energy demand in industrial, residential, and commercial sectors, 2015. [Source: Heat Roadmap man example, this could also benefit the integration of variable renewable energy.
Europe (2017), Heating and Cooling—Facts and Figures.]
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There are important differences between individual and
aggregated demand profiles and their impact on electricity system planning across different aggregation levels, from
local low-voltage (LV) feeders to national wholesale markets.
Load aggregation diversifies demand, which means that the
peak of the aggregated demand (after-diversity maximum
demand) is much lower than the sum of individual load peaks
due to the stochastic nature of demand. Therefore, the coincidence factor, which is the ratio of simultaneous maximum
demand relative to the sum of individual maximum demands,
decreases with higher aggregation [Figure 4(a)]. In practice,
july/august 2018
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figure 3. The hourly electricity demand and low-grade
heat demand in the United Kingdom for 2012. [Source:
DECC (2012). The Future of Heating: A Strategic Framework for Low Carbon Heat in the UK. U.K. Department of
Energy and Climate Change.]
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Determinants of Heat Demand
Residential space-heating demand varies considerably on a
regional basis. While heating demand is heavily dependent
on climatic conditions (heating degree days), other significant factors include typical dwelling size, household size
(number of occupants), average indoor temperatures, building insulation levels, and the type and efficiency of adopted
heating technologies. For future heating demand estimation,
these trends need to be examined.
Changes in population will have a large impact on the total
demand for heat in the residential sector. While different regions
are displaying opposing population trends, for the EU overall,
the population is slowly increasing. While more stringent building regulations are driving down demand for heat, increasing
average dwelling sizes, declining average household sizes (i.e.,
fewer occupants per household), and behavioral changes with
increased requirements for thermal comfort (average indoor
temperature) are moving in the opposite direction. While building regulations still have an enormous impact on space heating
demand for new buildings that only use a fraction of the heating
demand of older dwellings, overall residential heating demand
will depend heavily on the uptake of retrofit activities. Retrofits
are being widely promoted in the EU given that the majority
of homes that will be present by 2050 have already been built.
Aggregate water heating demand is influenced by population size. However, there are also strong regional variations in water heating demand per capita. Typical end uses,
heating technology, and consumer behavior drive these differences. For example, frequent sauna bathing in Finland
drives a particularly high energy use for water heating
per person.
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Residential heating demand has strong seasonal variations. While demand for domestic hot water remains throughout the year, space-heating demand falls away in the summer
months (Figure 3). Space-heating demand is highest in the
winter months, and on the coldest days the opportunities to
provide power-system flexibility may be limited due to the
high energy demands and the reduced potential to shift the
timing of the demand. During the shoulder seasons of spring
and autumn, heating loads are reduced, and opportunities for
heat load shifting and storage in thermal stores are increased.
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figure 4. The coincidence factor in a (a) typical and (b)
peak U.K. winter day for semidetached houses of various
age with air source HPs (gas boiler case for comparison).
ieee power & energy magazine

71

this means that a peak demand increase will have stronger
impacts on local LV grids than high-voltage transmission
lines and wholesale markets. Note that on the day when the
systemwide peak heat demand occurs, demand diversity will
be less pronounced than on a typical day because end users
will tend to use heat for longer times and more simultaneously [Figure 4(b)].

Data Time Resolution
Along with the aggregation level, the time resolution also
impacts the peak load level observed. At higher resolution
load data, the observed peak demand tends to be flatter as
the peak is smoothened over a wider time interval. The optimal temporal granularity of heat data to capture peak demand
also depends on the level of aggregation. However, high-granularity heat data is often not available because many countries lack experience with electric h eating. H
 igh-resolution
bottom-up models (Figure 5) are able to represent the heat
demand while also capturing the probabilistic nature of customer behavior (such as occupancy patterns) and building
characteristics. Supported by statistical inputs such as timeof-use surveys, heat demand has been modeled to study the
impact of heat electrification on electricity systems. Depending on the grid-level analyzed and the requirement to capture
diversified peak load, different time resolutions may be necessary, but for most cases 5–10-min resolution data can capture
diversified demand and limit computational cost. High-quality demand data and models are essential building blocks to
properly assess the impact and flexibility of high heat electrification on different levels of the electricity system.

Heat Technologies
The heating system characteristics and level of integration
determine the flexibility of residential heating systems.

Heater
Electric heating systems are mostly based on heat pumps
(HPs) and resistance-based heaters. HPs are increasingly

promoted in low-carbon strategies due to their high efficiencies. They make use of the natural temperature difference
between a source (such as underground or ambient air) and
indoor in a condensation/evaporation cycle, which is why
it is often classified as renewable heat. The heat cycle only
requires electricity to run the compressor and other auxiliary equipment, therefore producing two to five units of heat
for air-source HPs (ASHPs) [and potentially more for ground
source HPs (GSHPs)] for each unit of electricity consumed.
The higher efficiency of HPs compared to resistance heaters
(which create one unit of heat for each unit of electricity consumed) results in lower electric loads, which minimizes generation requirements and peak load. It is important to note
that the HP coefficient of performance (COP) is dependent
on the temperature difference between source and sink. This
has two implications for electricity demand: 1) the COP of
ASHPs is lower during cold temperature spells when heat
is most needed and 2) the COP is higher if the heat delivery
temperature indoors is low, favoring the use of air-based distribution systems over hydronic systems. In Europe, however
most houses use hydronic (water-based) distribution systems
because they are more compact. In modern low-temp heaters or underfloor heaters, delivery temperature can be as
low as 35 °C.
Direct electrical heating solutions include radiators, fan
heaters, panel heaters, and electric storage heaters (discussed
in the next section). The main advantage of these heating
technologies is a low investment cost. However, while the
heaters are highly efficient at point of use (almost 100%
of the electricity is converted to heat), when you consider the
losses incurred in the electricity generation and transmission,
these heaters do not compare favorably in terms of primary
energy use and typical operating costs to, for example, an efficient gas boiler. Operating costs tend to be high compared to
other local heating solutions. Another disadvantage of direct
electrical heating is that the electrical power demand is closely
coupled with the heating demand, with very limited flexibility
in power scheduling.
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figure 5. (a) Individual and (b) aggregated electricity profiles for 1,000 customers
with electric heating and domestic hot water, over 24 h, with 1-min resolution.
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Thermal storage in the building ena
bles the optimization of the electricity consumption and charging
based on electricity market conditions while still providing thermal
comfort to the user. Temporal decoupling of electrical power demand
from the heating demand can be
achieved when electrical heating
with a sufficient storage capacity
is deployed.
Electrical space heaters with
internal storage have been widely
used for decades in many regions
with temperate climates, including
july/august 2018

Electricity is also widely used in the residential sector
for water heating, which is typically combined with
thermal storage (a water cylinder).

Ireland, the United Kingdom, Germany, France, and New
Zealand. Traditional nighttime storage heaters were used to
reduce systemwide peak loads and fill in the night “valley”
and allowed customers to use less-expensive off-peak electricity tariffs to meet their heating demand. Storage heaters
contain a core of high thermal capacity bricks, heated
by a resistive heating element and surrounded by a highly
insulated enclosure. They are designed to be used on a 24-h
cycle (i.e., charged at night and heat released during the day),
although older storage heaters could not always keep sufficient charge levels to maintain thermal comfort on colder
winter days. Modern storage heaters, through improved insulation and controls (the release of the heat during a 24-h cycle
can be more accurately controlled with the use of a variable
speed circulation fan), offer a higher degree of comfort to end
users. Moreover, with adequate controls and communication,
smart electrical thermal storage (SETS) can participate in
active demand-side management (DSM) and enhance power
system flexibility. The EU-funded Horizon 2020 RealValue
project is trialing SETS systems at a household level, providing a range of system services while maintaining the thermal
comfort of customers.
Electricity is also widely used in the residential sector
for water heating, which is typically combined with thermal
storage (a water cylinder). As with space heating, this storage capacity decouples the power demand from the heating
demand, and when equipped with communication and control architecture, electrical water heaters can also participate
in DSM.
The building envelope itself also provides thermal inertia
depending on the insulation level. In a well-insulated house,
electric load can be shifted (around 5–12 h), depending on
the building insulation level, while consumer comfort is still
met. Preheating increases flexibility but typically increases
energy usage, depending on the insulation level. Thermal
storage and building preheating enables large demand shifting potential at very low cost, especially when compared to
electricity storage.

Hybridization
Hybrid heaters combine different heating appliances in one system and can switch between those appliances during operation, providing a very flexible demand. Possible configurations include HP-gas boiler (HP-B) and gas boiler-resistance
heaters. HP-B systems have been available commercially
for several years and were developed to lower investment
july/august 2018

compared to stand-alone HP systems. However, hybrid heaters could offer electricity system benefits if connected in a
smart manner that enables the electricity system to access
the flexibility of the gas system by switching from the HP to
the gas boiler whenever the electricity system is under stress,
which can include an extended period over several days.
Hybrid gas boiler-resistance heater systems could also provide the option to use excess renewable electricity by switching from gas to electricity.

System Integration
Widespread electrical heating can have a significant impact
on the overall system energy demand as well as on the shape
of that demand. High shares of direct electrical space heating
increase the winter system peak demand. On the other hand,
when combined with thermal storage, the electrical demand
can be shifted to off-peak hours, with minimal impact on
the peak, and with the additional advantage of increasing
baseload plant utilization in the off-peak hours. However,
as shares of variable renewable energy increase and the net
load becomes more variable and harder to forecast, smarter
controls and two-way communication are required to fully
take advantage of the thermal energy storage capacity.

Coupling Small-Scale Electric Heating
and Thermal Storage
Cooptimizing heating (combined with storage) and power
system scheduling could reduce overall system costs and
increase shares of variable renewable generation that can
be integrated. As discussed earlier, SETS for both space
and water heating (i.e., resistive electrical heating combined with thermal storage) is currently being trialed in
the EU Horizon 2020 RealValue project. A combination of
physical demonstrations in three winter peaking systems
(Ireland, Germany, and Latvia) along with detailed building and power system modeling will demonstrate how local
small-scale energy storage with advanced ICT, optimized
across the EU energy system, could bring benefits to all
market participants.
Enormous benefits can be realized from the integration
of the power and heat energy systems. However, to adequately assess the scale and value of the flexibility that can be
accessed from the heat sector, detailed modeling is required
to consider the impact of any load shifting and demand
response activities on the end users. Cooptimized buildingto-grid models have been developed and refined as part of
ieee power & energy magazine
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the RealValue project and can be used to explore cost-optimum scheduling solutions for the combined systems, while
also ensuring the thermal comfort of the end users. Interim
results for the Irish system indicate that significant system
cost savings can be achieved when SETS is the chosen technology for electrically heated homes (approximately 7% of
homes for space heating and 17% for water heating), compared to direct resistive heating. These savings are achieved
through load shifting alone with significant further cost savings achievable when ancillary services are also provided by
the devices. The results shown in Figure 6 compare the base
case (i.e., inflexible heating load) to three different penetrations of SETS: 0, 50, and 100%. For SETS-0 there are no
SETS devices, but the thermal inertia of the building is utilized to increase the flexibility of the heating load and modest
system cost reduction are achieved. Cost reductions increase
when the maximum indoor temperature limit is increased,
although energy consumption also increases [Figure 6(b)],
as preheating results in additional heat losses to the surroundings. As such, incentives and tariffs that incentivize
this behavior are essential. The advantage of a higher maximum indoor temperature is no longer seen for the SETS100
case (all electrically heated homes assumed to have SETS)
as the active thermal storage is more energy efficient than
the passive storage alternative. For the SETS100 case, system
generation cost savings in excess of 1% (€10.1 million) are
achieved. Figure 6(c) and (d) highlights some of the drivers of
these cost reductions, with large reductions in both generator
start-up costs and wind curtailment seen as the penetration of
SETS devices increases.
The aggregate load shape for electrical heating depends on
many factors, including technology type (direct/storage/HP/

Weather Dependence for an
Integrated Heat-Electricity System

Heat demand is strongly correlated to weather, in particular
temperature. Heat electrification increases the weather sensitivity of electricity demand, while the parallel integration of
renewable energy increases the weather sensitivity of the supply side. Coincidental weather impact could therefore stress
system adequacy by decreasing supply at times of increasing
demand. For example, a climate phenomenon known as the
North Atlantic oscillation, which relates to pressure differences between a location near Iceland and a location around the
Azores, has been shown to influence both air temperature and
wind speeds in Ireland and Great Britain. With increasingly
high wind penetration and heat electrification rates, such an
event could lead to high net load peaks. An hourly simulation
for eight d ifferent weather years for an Irish system with 25%
of buildings electrified and 40% wind generation over a year
illustrates how both ambient temperature and wind capacity
factors decrease as demand nears
peak demand (Figure 7). Demand
response measures could be considered to ensure adequacy in such an
event. [Note that the increase in wind
capacity factor toward the right in
Figure 7(b) is inconclusive as the
averaging sample becomes smaller
and may only reflect outliers.]
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hybrid), occupancy patterns, building construction, incentives
(e.g., time-of-use or real-time pricing) and control strategies
(e.g., direct load control by an aggregator). Another significant influencing factor is the participation in the provision
of additional services. For example, when electrical thermal storage is scheduled and cooptimized within the power
system, charging will typically take place at times of relatively low system demand (and low prices). However, when
the devices are also scheduled to provide ancillary services
such as reserve, the aggregate charging schedule for a fleet
of devices will be spread out, covering hours of the day with
relatively higher system demand in order to enable the provision of upward reserve.
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figure 6. The annual analysis for different storage capabilities on the Irish system.
(a) System generation cost (M€), (b) space heating use per house (MWh), (c) start-up
cost (M€), and (d) wind curtailment (GWh).
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Benefits of Hybrid
Heating Devices
and Thermal Storage
As described in the technology
section, hybrid heaters that are
fueled by both electricity and
natural gas offer the flexibility
to switch between different fuels.
A range of commercial hybrid
HP-B products are available, but
those are locally controlled based
on ambient outside temperature
only in a way that gas boilers boost
july/august 2018
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the HP during cold temperatures. Similarly, many HPs are Thermal Inertia
de facto equipped with electric resistance heaters to provide The building envelope has a thermal mass that adds inertia
peak load.
to a building’s thermodynamics since it takes time to heat up
On a planning scale, hybrid heaters could enable the mini- and cool down. This inherent thermal storage capacity could
mization of electric peaks and avoid generation expansion to be utilized to preheat the building and store heat at times of
meet electric heating demand. The heater itself can be opti- high energy supply and is available at no extra capital cost, as
mized to take advantage of complementarities in the cost structure
of different technologies: HPs have
10
10
6
0.6
high capital costs but relatively low
operational costs, while gas boilers
and resistance heaters have lower
8
8
capital costs and are more expen4
sive to run. A systemwide planning
0.4
analysis (see Heinen et al., 2017 in
6
6
the “For Further Reading” section)
for a future Irish system with 40%
2
wind generation and 25% heat
4
4
electrification found that, despite
0.3
large natural gas savings, the systemwide cost of HP electrification
0
2
2
tends to outweigh the benefits due
to power-system investment and
operational cost (Figure 8). Hybrid
–2
0.2
0
0
solutions considerably improve
0.75 0.8 0.85 0.9 0.95 1
0.75 0.8 0.85 0.9 0.95 1
the cost-benefit analysis. Hybrid
Normalized Demand (/)
Normalized Demand (/)
HP-resistance (HP-ERH) heaters
(a)
(b)
reduce capital costs for the customer. Hybrid gas boiler-electric figure 7. The average ambient air temperature and wind capacity factor as a funcresistance (B-R) heaters provide tion of normalized demand over eight years of data. (a) Peak demand and temperaan efficient solution to maximize ture and (b) peak demand and wind. (Source: Heinen et al., 2017.)
wind integration, but the majority
of the heating is done using natural
gas, and this solution also favors
500
low marginal cost coal generation,
450
therefore potentially increasing
400
the carbon emissions compared
350
to pure gas boilers. Hybrid HP-B
300
deployment leads to the lowest
250
system cost due to considerable
200
fuel savings from the HP usage, a
150
reduction of generation expansion
100
needs and a reduction of custom
50
er capital cost for the heater itself
0
(Figure 8). Also, as opposed to
other solutions, the hybrid HP-B
does not use a water storage tank,
HP-B B-ERH HP-ERH
HP
HP-B B-ERH HP-ERH
HP
which highlights the high operaGas Price: 12.75 €/GJ
Gas Price: 8.5 €/GJ
tional flexibility of this technology.
In this particular study, distribuPower: Investment
Power: Fuel and CO2
Heat: Investment
tion network reinforcement costs
Heat: Gas and CO2
Net Saving
Net Cost
related to the different heating
technologies were not analyzed
but could tip the balance further figure 8. Electricity and heat-related costs and savings for different technologies
(HP-B, HP, HP-B, and HP-ERH) relative to gas boiler. (Source: Heinen et al., 2016.)
toward hybrid systems.
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indoor temperatures and distribution temperatures, diversity, HP
20
type, HP performance, auxiliary
22
15
heater type, and heat emitter type.
20
10
As mentioned previously, some of
the impacts of heat electrification
18
5
are most evident in distribution
16
0
networks and particularly at the
Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
(a)
LV level where most such technol24
ogies are connected.
20
In general, electricity demand
22
15
exhibits a relatively high degree
20
of diversity that makes the after10
diversity maximum demand quite
18
5
smaller than the sums of the indi16
0
vidual peaks, with a coincidence
Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
factor that is relatively low and on
(b)
the order of 15–20% for the United
HP
Indoor Temperature (°C)
Kingdom. However, heat demand
has a comparatively lower diverfigure 9. The standard and flexible operation of different heaters and building
sity with a coincidence factor of up
indoor air temperature for the windiest week of an average year. (a) HP and (b) HP
to 35% (Figure 4). This has impliFlex. (Source: Heinen et al., 2017.)
cations in terms of network impact
and design, as it effectively means
opposed to other storage technologies. If real-time or smart that larger infrastructure is required compared to a situation
control is enabled, then an HP or another electric heater where the peaks were driven by nonheating consumption.
could be operated in a flexible manner according to power Because of this loss of diversity due to heating electrificasystem conditions without impacting the thermal comfort of tion, the impact due to an increasing penetration of electrified
building occupants.
heating could manifest itself on the LV network even at low
A systemwide cost study for Ireland (see Heinen et al., 2016 systemwide penetration levels. In practice, LV transformers
in the “For Further Reading” section) has shown that utiliza- specifically could be affected first by this loss of diversity,
tion of thermal inertia enables cost-effective heat electrification due to thermal issues (i.e., sheer increase in after-diversity
using HPs. HP operation during the windiest week exempli- maximum demand) (Figure 10), followed by LV conductors
fies the peak load reduction benefits of flexible operation ver- also driven by thermal issues. Voltage drop impacts are likely
sus standard operation. In standard operation, the HP is only to appear only at higher penetration levels (see also Navarroallowed to operate as indicated by the user thermostat settings, Espinosa and Mancarella, 2014 in the “For Further Readwhich in Ireland is typically a few hours in the morning and ing” section). In Figure 10, reinforcement will be required to
after working hours until late evening. This creates high morn- integrate electric HPs when transformer utilization exceeds
ing and afternoon peaks as the heater needs to bring the building 100% (or earlier if a safety margin is considered).
indoor temperature to the desired indoor temperature, assumed
Given the role of peak demand growth on potential LV network
to be 20 °C. In the flexible operation mode, the HP can oper- impacts, thermal storage can reduce network impact, in particate at any time as long as the indoor temperature is 20 °C dur- ular in the form of hot water tanks for both domestic hot water
ing the thermostat settings and never higher than 23 °C. This and space heating (in the case of hydronic systems). However,
operational flexibility enables the heater to preheat the building the system needs to be carefully designed to override the peak
ahead of an expected peak event or when excess wind is on the consumption on extreme cold days, where again diversity is
system. For the week in Figure 9, the building indoor tempera- likely to decrease substantially (Figure 4). If the thermal storture is preheated very notably at least three times (days 2, 5, and age system is adequately designed for extreme days, then it can
7) and reduces peak load compared to the standard/nonflexible yield a substantial level of flexibility under normal conditions
HP operation. In practice, rolling out these systems will require that can be utilized for demand response or more in general
detailed building sensing equipment and may not be acceptable DSM, in this case to deal with both thermal and voltage issues.
for all customers.
This can, for example, happen in the presence of electric heating paired to photovoltaic (PV) systems, where PV producDistribution-Level Impact of Heat Electrification tion and self-consumption can be maximized by making use
A variety of drivers that impact heat electrification have been of the flexibility enabled by thermal storage. More generally,
discussed so far, in particular heat consumption, outdoor and this distributed storage could be used to support active network
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management in a LV network to
deal with voltage control issues due
to PV and thermal issues due to
electric heating.
Detailed distribution network
modeling is also ongoing as part of
the RealValue project. While potential system benefits are outlined in
“Coupling Small-Scale Electric
Heating and Thermal Storage” section, it is also important to consider
the impact of these scenarios on the
distribution network. In addition, the
potential of using the resource for
congestion management and potential upgrade deferral is also explored.
Building models are included in a
three-phase unbalanced ac optimal
power flow that allows heat demand
to be treated as a variable. Different demand-response strategies are
examined, considering both the im
pact on the network and the thermal
comfort of customers.

HP Penetration (%)
(a)

HP Penetration (%)
(b)
800-kVA Transformer
500-kVA Transformer

One Standard Deviation

figure 10. The average transformer utilization level (with one-standard deviation
range) for (a) ASHP and (b) GSHP. Note that he penetration level refers to percentage
of houses with HPs. (Source: Navarro-Espinosa and Mancarella, 2014.)

Business Case for Multi-Energy Systems
While, as seen above, heating electrification can affect electrical infrastructure requirements, it can also bring major benefits in terms of cost-effective decarbonization of the heating
sector. However, this must be done in the context of a multienergy system whereby heat, electricity, and fuel (gas, in particular, but also, for example, hydrogen and other potentially
low-carbon fuels such as biofuels) are optimally integrated
together in both operation and planning. In particular, in the
context of a multi-energy system, heating can play a key role
in terms of providing cost-effective sources of flexibility to a
low-carbon, renewable energy-based electricity sector.
Thermal storage, intrinsic thermal inertia, or hybrid heating solutions can bring substantial flexibility in the form of
demand response to support system operation, particularly
when the balancing requirements become more stringent in the
presence of variable renewables. This can be implemented at
different aggregation levels, for instance, individual buildings
(via physical thermal storage and thermal inertia of the buildings). This demand response flexibility can also be deployed
at the aggregate level, e.g., in the form of community energy
systems and smart districts, and up to the city level. In these
cases, heat networks, where cost-effective, bring the opportunity to use the heating sector as a flexibility provider for
electricity arbitrage and other demand response services, primarily to support the cost-efficient integration of renewable
electricity. When multiple advanced technologies are brought
together [e.g., combined heat and power (CHP), HPs, and
thermal storage as in the high-flexibility multi-energy scheme
shown in Figure 11], the system can substantially increase
july/august 2018
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figure 11. A general distributed multienergy scheme.
(Source: Martinez-Cesena et al., 2016.)

its flexibility and, subsequently, the relevant benefits from
the provision of multiple market services (e.g., price arbitrage and real-time demand response). Furthermore, there
can also be substantial gains from cross-technology support
that avoids asset redundancy and decreases plant size, again
reducing the overall cost and improving altogether the business case for high-efficiency technologies. For example, the
system in Figure 11 can effectively arbitrage between CHP
and HPs, and with additional flexibility support from thermal
storage, based on the spark spread between electricity price
(that can be very volatile in a renewables-based system) and
gas. In addition, real-time demand response can be provided
by ramping up/down the HP (and in a slower way the CHP
too) and relying on the support from auxiliary boiler and
ieee power & energy magazine
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thermal storage. In this respect, policy makers and regulators
can play an important role in promoting the deployment of
low-carbon, multi-energy systems by facilitating participation of such systems in grid services markets.
As in most other investment options, but especially when
dealing with the complexity of a multi-energy system, extreme
care needs to be taken at the planning stage to deal with longterm uncertainty, primarily energy prices. Stochastic optimization tools are emerging in the literature of multi-energy systems to enable planning flexibility (see Martinez-Cesena et al.,
2016, in the “For Further Reading” section) and will hopefully
be embraced soon by industry too. In fact, these tools allow
for the management of long-term uncertainties by identifying
an optimal set of investment strategies that can dynamically
respond to changes in the underlying variables, for example,
gas and electricity prices. The ultimate aim is to improve the
business case of high-flexibility, high-efficiency, multi-energy
systems that, besides support heating sector decarbonization,
can also support low-carbon power system operation.

Consumer and Societal Values
The role of the consumer or building owner in the future of
electric heating cannot be understated. Consumer investment
decisions (heat technology, heat distribution system, thermal
storage, and building insulation) and behavior largely determine the shape of the future load curve. Most engineering,
economic, and policy research represents consumers as economic agents and do not consider that consumers’ decisions
are largely impacted by noneconomic factors such as convenience, habitual routines, cultural values, and feedback
from acquaintances.
A crucial area of research is understanding consumers’ willingness and ability to provide system flexibility or, in other
words, participate in demand response. While technology is
an important enabler of demand response, user engagement
is paramount. To estimate the flexibility potential of demand
response, consumer willingness and the ability to change
behaviors and expectations must also be understood. For a given
heating technology, end users will have varying thermal comfort
expectations that will impact on the realizable flexibility potential from such a resource. It is important that these sociotechnical aspects are considered within the modeling framework when
demand response potential is being explored.

Summary
The electrification of heat is a huge opportunity for Europe
to increase energy security and reduce carbon emissions by
shifting away from fossil-fuel sources. However, heat demand
today represents roughly half of the final energy demand in
the EU, which means that efficient electricity system integration will hinge on increasing building energy efficiency and
harnessing heat system flexibility.
Heat can be stored considerably more economically and efficiently than electricity, which also serves to decouple electricity
demand from heat demand by using thermal stores, the thermal
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storage of buildings, and other energy-system integration solutions such as hybrid heaters. These solutions increase system
flexibility and provide investment and operational benefits
across different levels of the electricity system from wholesale
markets to LV feeders. Valuing and remunerating these benefits
will improve the business case for multi-energy systems.
Next to efficient grid integration, the future of electric
heating will depend on its capability to present a compelling
business case while at the same time meeting the expectations of consumers for warm homes and hot water.
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