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Abstract—The interaction between electricity and heat systems
will play an important role in facilitating the cost effective tran-
sition to a low carbon energy system with high penetration of
renewable generation. This paper presents a novel integrated
electricity and heat system model in which, for the first time,
operation and investment timescales are considered while cov-
ering both the local district and national level infrastructures.
This model is applied to optimize decarbonization strategies of
the U.K. integrated electricity and heat system, while quantify-
ing the benefits of the interactions across the whole multi-energy
system and revealing the trade-offs between portfolios of: 1) low
carbon generation technologies (renewable energy, nuclear, and
CCS) and 2) district heating systems based on heat networks
and distributed heating based on end-use heating technologies.
Overall, the proposed modeling demonstrates that the integra-
tion of the heat and electricity system (when compared with the
decoupled approach) can bring significant benefits by increasing
the investment in the heating infrastructure in order to enhance
the system flexibility that in turn can deliver larger cost sav-
ings in the electricity system, thus meeting the carbon target at
a lower whole-system cost.

Index Terms—Integrated energy system, combined heat and
power (CHP), heat network, heat pump (HP), power system
economics, renewable energy sources.

NOMENCLATURE

Constants

αdsr Proportion of flexible electricity load that can
provide DSR

αhp,res Proportion of HPs output that can be interrupted
to provide operating reserve service

αp Percentage of electricity demand supplied by
representative distribution networks

αPH Proportion of heat load that can provide
pre-heating

εs Ratio of the energy capacity to power rating of
TES
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ηPH Heat storage efficiency of pre-heating
ηs Storage efficiency of TES
λ Maximum ratio of heat to electricity for CHP
ςW Forecasting error of wind output
ςPV Forecasting error of PV output
ςD Forecasting error of electricity demand
τ Total time horizon
aHP/bHP Linear coefficient/constant term of COP for

ASHP
aL/bL Linear coefficient/constant term of LOLP func-

tion
capDN Peak electricity load that can be accommodated

without network reinforcement
h Heat demand
p Electricity demand
pchp Minimum electricity output of CHP units
pchp Maximum electricity output of CHP units
pg Minimum electricity output of generation units
pg Maximum electricity output of generation units
rup/rdn Ramp-up/ramp-down limit for generators
vreaf Renewable energy availability factor
rspg Maximum response generation units can provide
z Conversion rate from electricity to heat for CHP
AF Annuity factor of different assets
Cd Capital cost of various district heating assets
Ce Capital cost of various end-use heating appliances
Cf Capital cost of transmission networks
Cg Capital cost of generators
Cfix Fixed O&M cost of various assets
Cins,e Installation cost of end-use appliances
CDN Reinforcement cost of representative distribution

networks
CDN Capital cost of heat networks per length
CapL Capacity of the largest generator
CO2 Overall carbon target
COPa Coefficient of performance of air source HPs
COPw Coefficient of performance of water source HPs
AAF Annual availability factor of generators
LOLE Reliability criterion that sum of LOLP across the

year should meet
OCgb Operation cost of various types of gas boilers
OCnl No-load cost of various generation
OCst Start-up cost of various types of generation
OCvar Variable operation cost of various types of gen-

eration
Nh Number of households
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NDN Number of representative distribution networks
NHN Number of representative heat networks
OR System operating reserve requirement
FR System frequency response requirement
Ta Ambient temperature.

Variables

μ Number of synchronized generation units
ωd/ωe Penetration of district /end-use heating

technologies
ωHN Penetration of HNs in each representative district
capx Capacity of plant/appliance x
capDN Expanded capacity of distribution networks due to

reinforcement
hchp Heat output of CHP
hd/he Heat demand of district heating/end-use heating
hd+/hd− Increased/reduced heat demand due to pre-heating

in district heating
he+/he− Increased/reduced heat demand due to pre-heating

in end-use heating
hgb Heat output of different types of gas boilers
hhp Heat output of different types of HPs
hPH Accumulated heat through pre-heating
pchp Electricity output of CHP
pele Electricity load not related to heat
pele+ Increased non-heat electricity demand through

DSR
pele− Decreased non-heat electricity demand through

DSR
pheat Heat-driven electricity load
pg Electricity output of generators
vre Output of variable renewable energy

sources (VRE)
vreava VRE available for generation
vreW Wind power output
vrePV PV output
reshp,e Operating reserve provided by end-use HPs
resx Operating reserve provision from source x
rsphp,e Frequency response provided by end-use HPs
rspx Frequency response provision from source x
s+/s− Discharging/charging rate of different types of

TES
scap Maximum discharging/charging rate of TES
sec Energy content of TES
CO2 Carbon emission from various sources
CM Capacity margin of generation
ICHN Investment cost of representative HNs
LOLP Estimated Loss of Load Probability.

Superscripts

chp CHP related
d District heating assets related
e End-use heating appliances related
f Transmission network related
g Generator related
gb Gas boiler related.

Functions

F(·) DC Power flow function
FHN

L (·) Heat network length function
FLOLP(·) LOLP function.

Sets

Hd/He Set of district/end-use heating technologies
Dx Set of time steps in the xth day (starting at

midnight)
DN Set of representative distribution networks
HN Set of representative heat networks
DNi Set of components included in distribution

network i
F Set of transmission corridors
G Set of generation types
L Set of locations
T Set of operating time steps.

I. INTRODUCTION

HEATING accounts for approximately half of the total
energy consumption and is responsible for over 25%

of carbon emissions in the U.K. Therefore, decarbonization
of the heat sector is one of the key challenges in achiev-
ing the 80% carbon reduction target by 2050 [1]. There is
growing evidence that the interaction between electricity and
heat systems will be important in facilitating cost effective
transition to a lower carbon system by efficiently accommo-
dating VRE. The lack of flexibility in the electricity system is
a key limiting factor for effectively integrating VRE [2]–[4],
whereas the heat system and the electrified transport sector
can potentially provide considerable amount of flexibility by
delivering a range of balancing services and support the man-
agement of peak demand [5]–[7]. Both district (HNs) and
end-use heating technologies (e.g., end-use heat pumps) are
potential options for the decarbonization of the heat sector.
As presented in [6] and [8], HNs can alleviate wind curtail-
ment through coordinated operation of CHP with thermal
energy storage (TES). The potential role of HNs in a 100%
renewable energy sources based energy system is investigated
in [9]. CHP generation supplying heat to HNs is modeled
in [6], [10], and [11], while the benefits of the application of
industrial size HPs in HNs are outlined in [12]–[14]. In terms
of end-use heating, the impacts of HPs on wind power integra-
tion have been investigated in [15] and [16] while [17]–[20]
focuses on the analysis of hybrid heating technologies at con-
sumer premises, which can potentially link electrical HPs,
gas boilers and resistive heating devices. The economic and
operational advantages of different combinations of end-use
heating technologies are analyzed in [18] and [19], demon-
strating the cost-effectiveness of hybrid electrical HPs and gas
boilers (Hybrid HP-B). Integrated heat and electricity dispatch
considering thermal inertia of buildings has been analyzed
in [21]. HNs can also improve the efficiency of energy supply
through pre-heating [22], [23]. TES, characterized with signif-
icantly lower capital cost than electricity storage, can further
enhance the value of HNs in integrated electricity and heat
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systems [24]. Similarly, benefits of end-use TES supporting
hybrid HP-B are demonstrated in [18].

Previous research on the investment and operation
optimization of HNs mostly focuses on the local level infras-
tructure [25]–[27]. Pudjianto et al. [28] proposed a whole-
system investment model for the electricity system where HPs
are assumed to be the only option for the decarbonization
of the heat sector. In this context, a novel modeling frame-
work for the whole system optimization of the combined
electricity and heat system is proposed in this paper. In the
context of the previous work, the proposed model for the
first time considers operation and investment timescales while
covering both local and national level of heat and electric-
ity infrastructures. Furthermore, the impact of reduced system
inertia on the frequency response requirements is explic-
itly modeled while security constraints and carbon emission
targets are also included in the proposed framework. This
approach is applied to optimize the decarbonization strat-
egy of the combined electricity and heat system, selecting
the cost effective portfolio of heating technologies, including
HNs (supplied by CHP plants, industrial size HPs, gas boil-
ers as well as TES), and consumer end hybrid HP-Bs. The
proposed model simultaneously optimizes, for the first time,
the investment in electricity generation (including conven-
tional and low carbon generation), heating plants/appliances,
HNs, reinforcement of electricity transmission and distribution
networks while considering system operation cost and tak-
ing into account frequency regulation and operating reserve
requirements.

Through several case studies, we demonstrate the interaction
between electricity and heat systems across operation and
investment timescale while simultaneously managing conflicts
and synergies between local and national level objectives. Key
contributions of this paper can be summarized as:

1) Presenting a novel combined electricity and heat system
modeling framework considering both operation and invest-
ment timescales with spatial granularity including local and
national level infrastructure.

2) Quantifying the benefits of the integrated planning of
electricity and heat systems and demonstrating the impact on
the technology mixes in both electricity and heat sectors.

II. INTEGRATED ELECTRICITY AND HEAT

SYSTEM MODEL

A. Interactions Between Electricity and Heat Systems

As shown in Fig. 1, the electricity and heat systems are cou-
pled through end-use hybrid HP-Bs as well as district based
CHPs and HPs. The absence of coordination would drive inef-
ficient investments in both electricity and heat systems (at
both local and national level). On the other hand, inherent
flexibility in the heat system can be used to alleviate these
challenges through coordinated operation and investment with
the electricity system. For instance, inherent storage in HN (the
pipework) enhanced by TES and the CHP that adjusts power-
to-heat ratio, can provide balancing service needed to support
efficient integration of VRE, while reducing peak demand and
the investment in back-up generation. Furthermore, if demand

Fig. 1. Interaction and energy balance of integrated electricity and heat
system.

side response (DSR) is enabled, flexible end-use hybrid HP-Bs
could bring benefits across all sectors of the electricity system.
The developed model considers all these potential interactions
so that the whole system benefits of the integrated electricity
and heat system can be quantified.

B. Model of Integrated Electricity and Heat System
Investment

This model is formulated as a mixed integer linear program-
ming problem with hourly time resolution across a whole year,
while also considering sub-hourly frequency regulation and
reserve constraints. The objective function (1) is to minimize
the whole system cost which includes the annual operation
costs and the annuitized investment costs related to different
types of generation, heating plants/appliances, energy storage
as well as electricity and heat networks:

The annual system operation costs include fuel costs of
generators, CHPs and gas boilers. The operation costs of
generators/CHPs consist of (i) variable cost which is asso-
ciated with the generation output, (ii) no-load cost which is
determined by the number of synchronized units and (iii) start-
up cost. These operation cost categories are modeled based
on the piecewise linear approximation approach proposed
in [29]; Gas boilers serve as supplementary heating devices
that are used to reduce the capacity of electrification-based
heating plants/appliances (e.g., CHPs and HPs) and electric-
ity infrastructure reinforcement. In this model, both industrial
size gas boilers (applied in district heating) and end-use gas
boilers (working as a part of hybrid HP-Bs) are taken into
consideration. Carbon price is included in the fuel cost.

The annuitized infrastructure investment costs include cap-
ital costs of generators, district heating assets (superscripted
by d, including HNs, CHPs, industrial size HPs, industrial
size TESs and industrial size gas boilers), end-use heating
appliances (superscripted by e, including hybrid HP-Bs and
end-use TESs), and reinforcement costs of transmission and
distribution networks. Annuity factors for different assets are
considered given corresponding discount rates and life spans.

Min ϕ =
T∑

t=1

G∑

i=1

L∑

j=1

(
pg

t,i,j · OCvar
i + μt,i,j · OCnl

i

+ μst
t,i,j · OCst

i

)

+
T∑

t=1

L∑

j=1

hgb,d
t,j ·OCgb,d +

T∑

t=1

L∑

j=1

hgb,e
t,j · OCgb,e
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+
G∑

i=1

L∑

j=1

(
Cg

i ·AFg
i + Cfix,g

i

)
· capg

i,j

+
F∑

i=1

Cf · AFf
i · capf

i

+
Hd∑

i=1

L∑

j=1

(
Cd

i · AFd
i + Cfix,d

i

)
· capd

i,j

+
He∑

i=1

L∑

j=1

((
Ce

i · AFe
i + Cfix,e

i

)
· cape

i,j

+ Nh
j · ωe

j · Cins,e
i ·AFe

i

)

+
DN∑

i=1

CDN
i · capDN

i +
HN∑

i=1

ωHN
i · NHN

i ·ICHN
i (1)

This model takes account of a variety of operation con-
straints while minimizing the whole system cost as well as
meeting the carbon target. All these constraints are applied on
hourly time resolution (∀t ∈ T) across all locations (∀j ∈ L),
which include:

1) Electricity Balance Constraints: Constraint (2) ensures
that electricity supply and demand are balanced in each time
interval within the entire electricity system. Electricity demand
consists of non-heat based demand (that may be redistributed
through DSR) and heat-driven electricity demand (particu-
larly referring to the demand of end-use HPs and industrial
size HPs), as shown in (3-4). In this modeling, air source
HPs (ASHP) are applied for end-use heating. For district heat-
ing systems, water source HPs (WSHP) are applied due to
their high efficiency. As the ambient temperature varies sig-
nificantly, the COP of ASHPs will change accordingly (5). On
the other hand, the COP of WSHPs is assumed to be constant
given that the water source temperature tends to be stable.

G∑

i=1

L∑

j=1

pg
t,i,j =

L∑

j=1

pt,j (2)

pt,j =
(

pele
t,j + pele+

t,j − pele−
t,j

)
+ pheat

t,j (3)

pheat
t,j = hhp,e

t,j /COPa
t + hhp,d

t,j /COPw (4)

COPa
t = aHP · Ta

t + bHP. (5)

2) Heat Balance Constraints: Constraint (6) shows the
energy balance for the heat system. On the supply side, both
district and end-use heating systems are considered. District
heating system is supplied by CHPs, industrial size HPs, gas
boilers and TESs, as shown in (7), while end-use heating
appliances includes end-use hybrid HP-Bs and TESs, as
presented in (8).

Hd∑

i=1

hd
t,i,j − hd+

t,j + hd−
t,j +

He∑

i=1

he
t,i,j − he+

t,j + he−
t,j = ht,j (6)

Hd∑

i=1

hd
t,i,j = hchp

t,j + hhp,d
t,j + hgb,d

t,j + s+,d
t,j − s−,d

t,j (7)

He∑

i=1

he
t,i,j = hhp,e

t,j + hgb,e
t,j + s+,e

t,j − s−,e
t,j . (8)

3) Heating Technology Mix Constraints: The overall heat
demand is supplied by both district heating technologies and
end-use heating technologies as stated in (9) and (10), while
ensuring that all heat demand is satisfied (11):

Hd∑

i=1

hd
t,i,j − hd+

t,j + hd−
t,j = ωd

j · ht,j (9)

He∑

i=1

he
t,i,j − he+

t,j + he−
t,j = ωe

j · ht,j (10)

ωd
j + ωe

j = 1. (11)

4) Power Flow Constraint: In this modeling, DCOPF is
performed to optimize the capacity and the location of rein-
forcement of transmission networks. Constraint (12) is applied
for all transmission lines (∀m ∈ F), where G, D and θ rep-
resent electricity generation, electricity demand and voltage
angle at each location:

−capf
m ≤ F(G, D, θ)t,m ≤ capf

m. (12)

5) DSR Constraints: The flexibility provided by flexible
electricity load and ancillary service provision through short
term interruption of operation of end-use HPs are included in
the model. Based on the DSR model presented in [28], (13)
limits the amount of shiftable load (particularly referring to
electrical vehicles and smart appliances, e.g., smart dishwasher
and fridge, which have broad consumer acceptance of DSR).
Note that αdsr depends on the consumers’ willingness to
shift load which can change with time. For simplicity, we
assumed that it is not time-dependent. Constraint (14) gives
the demand balance of DSR (in this case study it is assumed
that most of the residential flexible demand can be shifted
within a day). The contribution of end-use HPs in providing
ancillary services is shown in (15) and (16).

pele−
t,j ≤ αdsr · pele

t,j (13)
∑

t∈Dx

pele−
t,j ≤

∑

t∈Dx

pele+
t,j (14)

rsphp,e
t,j ≤ hhp,e

t,j /COPa
t (15)

reshp,e
t,j ≤ α

hp,res
j · hhp,e

t,j /COPa
t . (16)

6) TES Operating Constraints: In this model, TES specif-
ically refers to the hot water tank. The maximum discharging
and charging rate is restricted by (17) (it is assumed that
the maximum discharging rate is equal to the maximum
charging rate). Energy capacity is limited by (18) where εs

is the ratio of the energy capacity to the power rating of
TES. The energy balance constraint is presented as (19).
Constraints (17)-(19) are applied for both industrial size TES
and end-use TES.

s+
t,j ≤ scap

j , s−
t,j ≤ scap

j (17)

sec
t,j ≤ scap

j · εs (18)

sec
t,j = sec

t−1 · ηs + s−
t,j − s+

t,j. (19)
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7) Pre-Heating Constraints: Pre-heating can be applied
in both district heating (through the inherent storage in HN
pipelines [22]) and end-use heating systems (through the ther-
mal insulation of buildings). Constraints (20)-(22) present
a generic pre-heating model for both district and end-use
heating systems. Constraint (20) presents the amount of heat
demand that can be shifted, which depends on the flexibility
of heat systems. In district heating systems, the flexibility is
driven by the capacity of the inherent storage of HN pipelines
as the proportion of heat demand can be redistributed (αPH,d).
It is worth noticing that the storable energy in HN pipelines is
typically limited (one or two hours’ worth of heat content) due
to the constant flow of heat in the pipelines. In end-use heat-
ing systems, the flexibility is measured by the percentage of
residential buildings (αPH,e) that have the potential to partici-
pate in pre-heating (with good insulation and a large mass of
envelope which can provide a meaningful amount of storage).
Constraint (21) ensures that the increased load for pre-heating
is limited by the capacity of the heating devices. The energy
balancing process of pre-heating is simplified as a storage
model (22). In this modeling it is assumed that the average
heat loss rate is proportional to the stored heat. The uncer-
tainty related to pre-heating heat losses is further investigated
through sensitivity studies presented in Section IV.

hx−
t,j ≤ αPH,x ·

Hx∑

i=1

hx
t,i,j , x ∈ {d, e} (20)

hx+
t,j ≤ αPH,x ·

Hx∑

i=1

capx
i,j , x ∈ {d, e} (21)

hPH,x
t,j = hPH,x

t−1 · ηPH,x + hx+
t,j − hx−

t,j , x ∈ {d, e}. (22)

8) Generation Unit Constraints: These constraints incor-
porate minimum stable generation and maximum output (23);
ramp-up (24) and ramp-down constraint (25); start-up con-
straints (26)-(27); the availability of ancillary service (28);
maximum reserve and response provided by each generation
technology (29-30); annual energy production of genera-
tion limits associated with scheduled inspection and main-
tenance (31); and the total capacity of different generation
technologies (32).

μt,i,j · pg
j

≤ pg
t,i,j ≤ μt,i,j · pg

j (23)

pg
t,i,j − pg

t−1,i,j ≤ μt,i,j · rup
i (24)

pg
t−1,i,j − pg

t,i,j ≤ μt,i,j · rdn
i (25)

μst
t,i,j ≥ μt,i,j − μt−1,i,j (26)

μst
t,i,j ≥ 0 (27)

μt,i,j · pg
j

≤ pg
t,i,j + rspg

t,i,j + resg
t,i,j ≤ μt,i,j · pg

j (28)

resg
t,i,j ≤ μt,i,j · resg

i,j (29)

rspg
t,i,j ≤ μt,i,j · rspg

i,j (30)
T∑

t=1

pg
t,i,j ≤ AAFi · τ · capg

i,j (31)

μt,i,j · pg
j ≤ capg

i,j. (32)

9) VRE Curtailment: The curtailment of VRE is the dif-
ference between available VRE power (vreava) in (33) and the
actual output of VRE (vre) in (34).

vreava
t,i,j = vreaf

t,i,j · capg
i,j , i ∈ {wind, solar} (33)

vret,i,j ≤ vreava
t,i,j , i ∈ {wind, solar}. (34)

10) Ancillary Service Constraints: Two key categories of
balancing services are considered in this model, including
frequency response which is scheduled to tackle the sud-
den generation outage of the electricity system and operating
reserve driven by the forecasting errors of renewables and
load and the replacement of primary response. The frequency
response constraint and operating reserve constraint are formu-
lated as (35) and (36), respectively. It should be noted that (35)
also ensures that adequate amount of synchronous generation
is scheduled to operate in order to provide sufficient level of
inertia. The frequency response requirement is directly linked
with the level of system inertia (which can be seen as linear to
the online synchromous capacity) in each time interval, which
is critical in the future low inertia system. This requirement
is derived based on the work presented in [30]. A complete
MILP formulation was proposed in [31], which used a piece-
wise linear version of the constraint (as shown in Fig. 2) to
reduce the computational burden of the proposed large-scale
model. Operating reserve requirements are determined by fore-
casting errors of wind output, PV output, electricity load and
the capacity of the largest generator to cover the worst case,
as formulated in (37). Note that in this model, the actual
utilization of reserve and response services is not explicitly
modeled. This would require a two-stage model considering
generation and demand realizations, which would substantially
increase the complexity of the analysis. Similar simplifications
have been commonly made in the development of whole-
system energy models (e.g., [8] and [28]). Hence technologies
in district heating (through CHPs and HPs) as well as end-
use heating systems could provide ancillary services for the
electricity system based on these constraints:

G∑

i=1

L∑

j=1

rspg
t,i,j +

Hd∑

i=1

L∑

j=1

rspd
t,i,j +

He∑

i=1

L∑

j=1

rspe
t,i,j ≥ FRt (35)

G∑

i=1

L∑

j=1

resg
t,i,j +

Hd∑

i=1

L∑

j=1

resd
t,i,j +

He∑

i=1

L∑

j=1

rese
t,i,j ≥ ORt (36)

ORt = ςW · vreW
t + ςPV · vrePV

t + ςD · pt + CapL. (37)

11) CHP Operating Constraints: The operating area of
CHP is illustrated in Fig. 3, which is modeled by (38-39).
CHP can change its heat and electricity ratio by adjusting the
amount of steam extracted from the turbine, the slope of the
upper bound (equal to −1/z) gives the ratio of the change of
electricity output to the corresponding change of heat output.
For a given fuel feeding rate, if the steam extraction changes,
operating points will move along the lines which are parallel
with the upper bound. For any point (A) within the operating
area, there is a corresponding point (A’) on the y-axis which is
characterized by the same fuel feeding rate as A (AA′ is paral-
lel with the upper bound) [11]. In order to apply the generation
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Fig. 2. Piecewise linear function of frequency requirement of the system.

Fig. 3. Operating area of CHP.

model which is formulated in (23-32) to CHP, all the operat-
ing points of CHP are converted into the corresponding points
on the y-axis (electricity-only mode), as shown in (40).

μt,i,j · pchp
j

≤ pchp
t,j + hchp

t,j /zj ≤ μt,i,j · pchp
j (38)

hchp
t,j ≤ λj · pchp

t,j (39)

pg
t,i=CHP,j = p

′ chp
t,j = pchp

t,j + hchp
t,j /z. (40)

12) Distribution Network Reinforcement Constraint: Based
on the distribution network reinforcement model presented
in [28], the cost of reinforcing distribution networks is formu-
lated as a function of the expanded capacity of the distribution
network (capDN). A schematic function of the distribution
network reinforcement cost has been illustrated in [28], while
a linear approximation of this function is applied in this paper
as formulated in (1). capDN is determined by the net increase of
peak demand within the distribution network, as shown in (41).

− capDN
i ≤ α

p
i · pt −

∑

j∈DNi

pg
t,j − capDN

i ≤ capDN
i ,∀i ∈ DN

(41)

It is assumed that CHP and PV are deployed in the
distribution network. The cost coefficient (CDN in the objec-
tive function) is derived through the analysis of the network
reinforcement cost driven by the increase in peak demand
by applying the fractal-based algorithm proposed by [32].
The created representative distribution networks based on
this algorithm have been calibrated by the analysis of the
corresponding real distribution networks. Although the param-
eters of real networks are very case-specific and vary sig-
nificantly, the analysis of the large regions characterised
by the representative networks provides an estimate of the
real network reinforcement cost. As described in [33], key

typical representative distribution networks, covering urban,
sub-urban, semi-rural, or rural areas, are created by using the
fractal-based algorithm and are incorporated into this model.

13) Heat Network Investment Cost: As the key indicator of
HN investment cost, heat density is used to compartmentalize
Great Britain (GB) into different district types covering urban,
suburban, semirural and rural areas. By using the fractal-based
algorithm proposed in [32], generic heat networks are created
covering representative districts with different heat densities.
The number of consumers and heat demand in representative
districts are obtained from the National Heat Map [34] and
applied as inputs into the fractal-based algorithm to estab-
lish the topologies and further calculate the length of the
representative heat networks which drives their investment
costs. Equation (42) determines the capital cost of represen-
tative HNs, where CDN

i denotes the capital cost (per length)
of HNs while FHN

L (·) calculates the length of representative
HNs based on the fractal-based algorithm, given the size of
area, number of consumers and heat demand in the represen-
tative districts. Table VI demonstrates the length of different
representative HNs.

By applying the approach proposed in [33] and [35], the
whole GB area is represented by a combination of different
types of representative districts, while minimizing the errors
of the total heat demand, the number of households and the
size of geographical areas between the calculated data and
the realistic data. The number of different representative HNs,
denoted as NHN in (1), has been optimized exogenously, as
given in Table VI. By applying this concept, the investment
cost associated with different penetrations of HN (ωHN in (1))
in each representative district can be quantified and then incor-
porated into the whole system investment model to optimize
the share of HN.

ICHN
i = CDN

i · FHN
L

(
Ai, Nh

i ,
∑

t∈T

ht,j

)
,∀i ∈ HN. (42)

14) Security Constraints: Constraint (43) ensures that the
model will propose a sufficient generating capacity to achieve
a given level of security specified by LOLE. To achieve this,
LOLP is estimated as a function of the capacity margin (which
is defined as the ratio of the surplus generating capacity to the
peak demand, as formulated in (44)) and is built exogenously
through the standard reliability approach by applying genera-
tion availability data [28]. The piecewise linear approximation
of the LOLP function presented in [28] is applied in this paper,
as shown in (45).

T∑

t=1

FLOLP(CMt) ≤ LOLE (43)

CMt =
∑G

i=1
∑L

j=1

(
μt,i,j · pg

j − pg
j

)

maxt∈T

(∑L
j=1 pt,j

) (44)

FLOLP(CMt) ≥ aL
1 · CMt + bL

1
...

FLOLP(CMt) ≥ aL
n · CMt + bL

n . (45)
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15) Carbon Constraint: Constraint (46) ensures that the
total carbon emissions do not exceed the regulated amount
of carbon emissions, which is defined as the product of the
given overall carbon target (CO2) and the annual energy
consumption, covering both electricity and heat sectors.

T∑

t=1

G∑

i=1

L∑

j=1

CO2g
t,i,j +

T∑

t=1

L∑

j=1

CO2gb
t,j

≤ CO2 ·
T∑

t=1

L∑

j=1

(
ht,j + pheat

t,j

)
. (46)

III. CASE STUDY: 2030 GB SYSTEM

A. System Description

The integrated electricity and heat system model proposed
in Section III is applied to two GB 2030 scenarios, with
different carbon targets, involving different mixes of low car-
bon generation: (a) 100g/kWh, (50GW wind, 20GW PV and
8GW nuclear) and (b) 50g/kWh, (80GW wind, 35GW PV and
10GW nuclear). In both scenarios, natural gas (NG) based
CCS plants are allowed to be added to the mix if the car-
bon targets cannot otherwise be satisfied. In the integrated
electricity and heat system, the overall carbon emissions are
quantified from all sources involved in meeting both electrical
and thermal demand.

Regarding decarbonization of heat sector it is assumed that
HNs and hybrid HP-Bs are two main technologies delivering
low-carbon heat in 2030. The pattern of heat demand is based
on [1], with peak demand estimated at 247GW and annual
thermal energy demand at 370TWh. It is assumed that 77% of
annual heat demand is for space heating while 23% for water
heating [18]. The electricity demand is divided into non-heat
electricity demand and heat-driven electricity demand. The
maximum non-heat electricity demand is estimated at 72GW
while the minimum demand at 19GW, with annual energy of
325TWh. The heat-driven electricity demand depends on the
optimized electrification rate of heat demand.

The GB transmission system is characterized by sig-
nificant North to South power flows and represented by
5 regions, including 1) Scotland, 2) North England and
Wales, 3) Middle England and Wales, 4) South England
and Wales and 5) London (embedded in South England and
Wales). Fig. 4 illustrates the topology of the simplified network
together with the length and existing capacity of the trans-
mission corridors connecting the key regions. In each of the
regions, appropriate combinations of different district network
types represent HNs and electricity distribution networks,
following the approach proposed in [33].

Cost and operation data for different types of gener-
ation are listed in Table I [36], Table II [3], [36] and
Table III [3], while the data for heating technologies are given
in Table IV [18], [37]. The capital cost of heating technolo-
gies is nnualized by a discount rate of 10% and a lifespan of
20 years. As gas boilers have already been installed in most
residential houses in the U.K., we assume that the deployment
of hybrid HP-B does not incur investment cost of gas boilers.
On the other hand, the cost of the smart control device that

Fig. 4. Schematic topology and the existing capacity of the GB transmission
links between the key regions.

TABLE I
COST PARAMETERS OF GENERATION PLANTS

TABLE II
OPERATION PARAMETERS OF GENERATION PLANTS

is required to optimize the operation of hybrid HP-B between
ASHPs and gas boilers is considered in this model (80£/house-
hold according to [18]). The capital cost of ASHP applied in
this paper is based on small-size ASHP. A fixed instalation
cost is considered for any size of ASHP. Based on [37], the
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TABLE III
CARBON AND OPERATING COST PARAMETERS

OF THERMAL GENERATORS

TABLE IV
COST PARAMETERS OF HEATING TECHNOLOGIES IN 2030

TABLE V
PARAMETERS OF DISTRIBUTION NETWORKS IN 2030

capital costs of end-use TES and industrial size TES are esti-
mated at 2.4£/litre and 80£/m3 (with installation and O&M
costs included), with the same stationary loss rate of 1% per
hour. It is also assumed that the ratio of the energy capacity to
the power rating of TES (εs) is 3 hours for end-use TES and
6 hours for industrial TES. Relative parameters of representa-
tive distribution networks and heat networks are estimated in
Table V [33] and Table VI [38]. The annual heat loss in HN
is assumed at approximately 5% of the total heat distribution
based on [39]. It should be stressed that different results can
be obtained based on different cost assumptions, but the model
can be applied in different scenarios.

This model is implemented by using FICO Xpress as
a solver on a computer with two 2.7GHz processors and
512GB RAM (Intel Xeon CPU E5-2697 v2 @ 2.70GHz
2.70 GHz (2 processors) 512 GB RAM). It takes 3.19×105 s
to solve the integrated case in Section III-B under the car-
bon target of 50g/kWh. As running the proposed model over
a whole year with hourly resolution is very time-consuming,

TABLE VI
CAPITAL COST OF HEAT NETWORKS

Fig. 5. Savings from the integration of electricity and heat systems.

it is common to use a set of representative days to simulate
the whole year (e.g., [40]–[42]).

B. Overall Benefits of Integrated Electricity and Heat System

In order to quantify the benefits through the integration of
electricity and heat systems, the whole system costs of the inte-
grated and decoupled systems are compared. Fig. 5 presents
the annual savings in different system segments enabled by
the integration of electricity and heat systems in two carbon
scenarios considered.

As shown in Fig. 5, the integration of electricity and heat
systems delivers significant savings in operation costs (OPEX),
represented by red blocks, comprising operation costs of NG
CCS, NG CHP, CCGT, OCGT and gas boilers, driven by
significantly enhanced flexibility and efficiency of system
operation through application of more efficient CHP and
reduced renewable curtailment; Blue blocks indicate savings in
capital costs (CAPEX) related to end-use heating technologies,
including ASHP, end-use gas boilers (EGB), as a proportion
of heat demand is supplied by HNs; Relatively minor invest-
ment savings are achieved in reducing capital expenditure
associated with conventional generation (including CCGT and
OCGT) and distribution networks (DN), as change in peak
demand is not significant given that end-use heating is sup-
plied by hybrid HPs (i.e., gas boilers are used to supply heat
demand during peaks). Significant system integration driven
savings are made by reducing the capacity of low-carbon
generation (LG CAPEX), particularly referring to NG CCS
(shown in green), as renewable generation is curtailed much
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less (particularly in 50g/kWh carbon scenario), so the carbon
targets can be met by reducing NG CCS capacity. Brown
blocks present additional integration driven capital expenditure
(negative savings) in district heating, including heat network
pipelines (HN), NG CHP plants, industrial heat pumps (IHP),
industrial gas boilers (IGB), and industrial thermal energy stor-
age (ITES). Additional investment in end-use thermal energy
storage (ETES) is also driven by the system integration.

The total annual saving through the system integration
(denoted as “Total”) is influenced by the carbon target.
Fig. 5 shows that the annual saving is about £2.3bn/year
(3.53% of the total annual system cost of the decoupled
system) under the overall carbon target of 100g/kWh while
the saving increases to £6bn/year (8.69% of the total annual
system cost of the decoupled system) under the overall carbon
target of 50g/kWh. Further simulations have been performed to
investigate the relationship between the annual saving through
the system integration and the intensity of the carbon tar-
get. When the carbon constraint is above 266g/kWh, the total
system cost of both integrated and decoupled case is no longer
influenced by the carbon constraint.

Fundamentally, the benefits of the integrated investment
planning come from the flexibility that the heat system pro-
vides to the electricity system, which significantly reduces both
investment and operation costs of the electricity system, while
increasing investment in the heat system. To be more specific,
CHP, industrial size HPs and thermal energy storage, typi-
cally deployed in heat networks, can provide ancillary services
for the electricity system. End-use heat pumps, through tem-
porarily turning down their output (which will not compromise
the comfort due to the thermal inertia of buildings), can also
provide ancillary services. Moreover, preheating can further
enhance the flexibility of the electricity system. In the plan-
ning stage, if we consider the flexibility which heat systems
can potentially provide for the electricity systems, significant
savings can be achieved in the electricity side on the cost
of increasing the investment on the heat side, but the over-
all system costs are reduced significantly. If the heat system
and electricity system are planned separately, the requirement
of flexibility in the electricity system has to be met by the
components within the electricity system, incurring dramatic
flexibility associated cost, which will otherwise incur little
extra costs with the flexibility provision from the heat systems.

C. Impact of Integration on Electricity System

Fig. 6 presents the generation mix and annual electricity
production in different scenarios. It is important to note that
the total amount of generation capacity is very similar in inte-
grated and decoupled scenarios (as peak demands are broadly
the same in both scenarios). We can also observe that the
reduction in CCGT and NG CCS capacity, which is driven
by the enhanced flexibility and reduced VRE curtailment (as
presented in Fig. 6 (b) and Table VII) through the system inte-
gration, requires increase in firm generation capacity to meet
the security supply, which is achieved by NG CHP and OCGT
plant. It is worth stressing that the model selects the eco-
nomically optimal portfolio of electricity generation. In other

Fig. 6. (a) Generation mix and (b) annual electricity generation of integrated
and decoupled cases under different carbon scenarios.

TABLE VII
ANNUAL CURTAILMENT OF VRE IN DIFFERENT SCENARIOS

words, given the cost assumptions, large-scale deployment of
other types of generation (e.g., biogas-based, biomass-based,
etc.) is not seen to be economic compared to the generation
types selected by the model, from the whole-system point
of view.

The case study illustrated in Fig. 6 is performed under the
given GB 2030 scenarios proposed by the U.K. government
with fixed amount of nuclear, wind and PV (as described in
Section III-A). If the carbon targets cannot be met by the given
amount of low-carbon generation, additional NG CCS would
be added to deliver the carbon target. Fig. 6 demonstrates
the impact of the system integration on the curtailment of
VRE. Due to the lack of flexibility in the decoupled system,
significant amount of VRE is curtailed, and hence additional
capacity of NG CCS is required to deliver the carbon target,
which significantly increases the cost. To further reveal the
impact of system integration on the overall electricity gener-
ation mix, we perform the case study (presented in Fig. 7) in
which the capacities of all types of low carbon generation
are optimized while meeting the same carbon targets. Instead
of demonstrating the impact of the system integration on the
curtailment of VRE, Fig. 7 focuses on the optimal generation
portfolios.

It can be observed in Fig. 7 that considerable capacity of
wind and PV generation is installed in the integrated system
while in the decoupled scenarios more nuclear and NG CCS
is required due to the inability of the system to effectively
utilize VRE. This is because the additional costs that are
incurred due to the integration of VRE can be significantly
reduced by the increased flexibility provided by the integration
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Fig. 7. Cost optimal generation mix for different scenarios.

TABLE VIII
PENETRATION OF HNS IN URBAN AREA

of the electricity and heat system. This case study indicates
that coupling the energy sectors can significantly increase the
utilization of VRE.

It is important to emphasis that we assume VRE can-
not provide frequency response in this paper, although our
previous work [43] has clearly shown the potential value of
VRE providing inertia and frequency response for the electric-
ity system. However, on the technology side, the measurement
of rate of change of frequency and coordination among large
number of wind turbines still need to be resolved. On the
economy side, the recovery effect of inertia provision and cur-
tailment of VRE for frequency response provision may prevent
its large-scale deployment. Of course, with the technology
development, all these issues may be resolved and VRE can
efficiently provide inertia and frequency response, leading to
less benefits from energy system integration.

D. Impact of Integration on Heat System

The heating technology mix and annual thermal energy
production in different scenarios are shown in Fig. 8. Blue
blocks represent end-use heating technologies (hybrid HP-Bs)
while red blocks represent district heating technologies (HNs).
It is interesting to observe that all HNs are deployed in
urban areas (the penetration of which is given in Table VIII)
while only hybrid HP-B are applied in suburban, semirural
and rural areas, demonstrating that heat density is the key
driving/limiting factor for the application of HNs.

As shown in Fig. 8 (a), when integration is enabled, heating
technology is shifted from hybrid HP-Bs to HNs. This drives
larger investment in heat sector as can be derived from Fig. 5;
capital investment in heat sector under integrated scenario are

Fig. 8. (a) Heating technology mix and (b) annual heat production of
integrated and decoupled cases under different carbon scenarios.

£3.54bn and £4.12bn larger under 100g/kWh and 50g/kWh
respectively when compared with decoupled scenarios, due to
the higher capital cost associated with district heating infras-
tructure (dominated by investments in HNs). On the other
hand, large reduction in system operation costs and investment
in NG CCS capacity, driven by enhanced system flexibility,
drives considerable overall net savings. Overall, this analy-
sis demonstrates that the integration of electricity and heat
systems will drive increase in investment in heat infrastruc-
ture in order to reduce significantly operation and investment
cost of the electricity system and ensure that the carbon target
are met at the minimum whole-system cost.

In the light of Fig. 8 (b), the system integration also has
a notable impact on the composition of annual heat production
from different heating technologies. It can be observed that the
integration increases heat production of NG CHP from 5%
to 21%, under the carbon target of 100g/kWh. When the car-
bon target is 50g/kWh, increase in heat production of NG CHP
is lower (from 0% to 7%), which is driven by the relatively
high carbon intensity of NG CHP (CHP CCS is a potential
low-carbon heat source, but according to the results of the sim-
ulation, it is not economic to deploy CHP CCS on a large scale
based on the proposed carbon scenarios and the cost assump-
tions taken). Therefore, heat provided by IHPs increases from
0% to 21%, demonstrating that this technology may poten-
tially play a significant role in decarbonizing heat (given its
high COP) in the longer term.

E. Impact of Integration on Carbon Emissions

The integration of the electricity and heat system can
influence the decarbonization strategies in different sectors.
Table IX presents the optimized carbon intensities in electricity
and heat sectors under given overall carbon targets. The carbon
intensity of the heat sector represents CO2 emissions asso-
ciated with total heat production (including electrified heat).
Basically, the carbon emissions are driven by the conventional
generation (e.g., CCGT, OCGT) on the electricity side and NG
CHP together with gas boilers on the heat side.
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TABLE IX
CARBON INTENSITY IN ELECTRICITY AND HEAT SECTOR

As shown in Table IX, the system integration increases the
carbon intensity in the electricity sector and reduces the carbon
emissions in the heat sector, while achieving the same over-
all carbon target. For the electricity sector, we observe from
Fig. 6 (b) that when the integration is enabled, more electricity
is generated by NG CHP, causing an overall increase in carbon
emissions in the electricity sector. For the heat sector on the
other hand, Fig. 8 (b) demonstrates that less gas-boiler-based
heat and more electrified heat from HPs and NG CHPs (CHP
is considered as a virtual HP [44]) is produced, thus reducing
the carbon emissions in the heat sector.

As assumed in Section III-A, capacities of nuclear, wind
and PV are specified, while NG CCS can be further added to
the generation mix if the carbon targets cannot be satisfied.
Therefore, the curtailment of VRE in the decoupled system
is much higher than that in the integrated system, and hence
more NG CCS is deployed to compensate the curtailment and
meet the carbon target. On the one hand, although the cur-
tailment of VRE is significantly alleviated through the system
integration, the overall carbon intensity on the electricity side
is still increased due to the significant reduction in genera-
tion from NG CCS. On the other hand, the system integration
drives the electrification of the heat sector, thus reducing the
carbon intensity on the heat side. The overall carbon intensities
of both integrated system and decoupled system are the same.
To summarize, higher carbon emissions in electricity sectors
are allowed given lower carbon emissions in heat sectors, as
the total carbon emissions are constant (meeting the same car-
bon target). This will lead to higher costs in heat sectors and
lower costs in electricity sectors, but the overall system costs
are reduced significantly.

This study indicates that the system integration can deliver
the shift in carbon emissions from the heat sector to the elec-
tricity sector, driven by the shift in heat production from
gas-boilers to NG CHPs while facilitating the electrification
of the heat sector, which leads to significant cost savings in
the electricity sector through the replacement of some NG CCS
capacity by NG CHP (fundamentally enabled by the flexibility
that significantly reduces VRE curtailment).

F. Value of TES

As TES plays an important role in facilitating the interaction
between the electricity and the heat system, we specifically
calculate the potential savings through the application of TES
in the integrated electricity and heat system. In order to
quantify the value of TES, we compare the costs of the
integrated electricity and heat system with (main case) and

TABLE X
SAVINGS FROM TES IN INTEGRATED ELECTRICITY AND HEAT SYSTEM

Fig. 9. Operating patterns of hybrid HP-Bs with (a) and without (b)
preheating.

without (counterfactual) TES. Table X summaries the annual
savings in OPEX and CAPEX of the electricity sector and
CAPEX of the heat sector through the application of TES
under given carbon scenarios. Note that the CAPEX of TES
for the main case is £0.78bn/year and £1.21bn/year under the
carbon target of 100g/kWh and 50g/kWh respectively, while
no TES is installed in the counterfactual.

It can be seen that TES plays an important role in reducing
the whole system operation and investment costs in the elec-
tricity sector at the cost of increasing the investment in the
heat sector. Specifically, TES enables: a) delivery of operation
savings through alleviating the curtailment of VRE, b) reduc-
tion of NG CCS capacity by supporting provision of ancillary
services leading to an increase in VRE production and c) the
shift in heat delivery from end-use to district based technolo-
gies, driven by the flexibility requirements (supported by the
relatively low capital cost of industrial size TES).

G. Benefits From Pre-Heating

Due to the improved insulation of buildings, pre-heating
through heat-driven electricity devices can enable further
reduction in the operation cost of the integrated system
although overall energy consumption increases. Fig. 9 illus-
trates the impact of preheating on the operation of hybrid
HP-Bs spanning 3 days in winter. To highlight the impact
of pre-heating, it is assumed in this case that all hybrid HP-B
users participate in pre-heating. The results demonstrate that
the level of pre-heating will be influenced by the amount of
VRE production. Savings in the operation cost is achieved by
shifting heat-load to the hours when VRE production is sig-
nificant, which reduces VRE curtailment. On the other hand,
during the hours when the availability of VRE is low, pre-
heating is not extensively used. It should be noted that this
analysis has been simplified by assuming that the flexibility
enabled by preheating would not compromise the consumer
comfort.
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Fig. 10. Annual savings of the whole system through preheating.

TABLE XI
SAVINGS FROM THE INTEGRATION OF HEAT SYSTEM AND ELECTRICITY

SYSTEM WITH INCREASED FLEXIBILITY

The insulation levels of buildings as well as the percent-
age of households contributing to pre-heating are potential
factors that may influence the value of pre-heating. In this
context, Fig. 10 shows the annual savings associated with pre-
heating considering (i) different insulation levels of buildings
and (ii) different percentage of households participating in pre-
heating. In addition to the savings in operation cost (driven by
increased utilization of VRE), the application of pre-heating
can also substitute a considerable amount of TES, driving fur-
ther savings. From the results, it can be concluded that a) the
value of pre-heating is intensely affected by the buildings insu-
lation levels (energy efficiency); b) as expected, the marginal
value of pre-heating declines with the increase of percentage
of households providing this service.

H. Impact of Electricity Based Flexibility Measures

Significant potential savings can be achieved through the
integration of the heat and electricity system according to
Section III-B. However, the value of the integrated electric-
ity and heat system may be significantly influenced by the
availability of flexibility options in the electricity system. This
section investigates the benefits through the integration of the
heat system with a more flexible electricity system, compared
to Section III-B, revealing the impact of the electricity-based
flexibility measures on the value of the integration. For the
illustrative purpose, this is carried out by enhancing the flex-
ibility of the electricity system through (i) applying more
efficient and more flexible thermal generation, (ii) adding
15GW of electrical energy storage that can provide all ancil-
lary services and (iii) assuming that 20% of the non-heat driven
electricity load is flexible to provide DSR. It should be stressed
that the DSR constraints are only enabled in this case study.

The savings from the integration of the heat system and
the electricity system with increased flexibility is given in
Table XI. Compared with Section III-B, the total saving of the
integrated electricity and heat system in this case reduces sig-
nificantly, from £2.3bn/year to £0.46bn/year under the carbon

TABLE XII
LEVEL OF BALANCING SERVICES REQUIRED IN DIFFERENT SCENARIOS

TABLE XIII
SAVINGS FROM SYSTEM INTEGRATION IN DIFFERENT SCENARIOS

target of 100g/kWh, and from £6bn/year to £1.15bn/year under
the carbon target of 50g/kWh. This demonstrates that the ben-
efits driven by the integration of the electricity and heat system
may reduce accordingly if the flexibility within the electric-
ity system increases. It is however important to note that the
additional cost associated with enhancing the flexibility of the
electricity system is not taken into account. To be specific, it
is assumed that flexible thermal generators, electrical storage
are already deployed in the electricity system while DSR can
be dispatched without incurring any costs. In fact, it can be
very capital-intensive to improve the flexibility of thermal gen-
eration and deploy electrical energy storage on a large scale.
The potential cost that DSR can incur depends on consumers’
willingness and behaviour which have significant uncertainty.
Meanwhile, the heat system can provide substantial flexibil-
ity for the electricity system through system integration which
otherwise will not be put into any use.

I. Impact of Balancing Service Requirements on the Value of
System Integration

The level of balancing services required has a significant
impact on the value of system integration. The average and
maximum amounts of reserve and response services in differ-
ent scenarios are presented in Table XII, that correspond to the
generation scenarios presented in Fig. 6 (a). It can be observed
that reduction in carbon emissions significantly increases the
amount of balancing services.

Table XIII presents the cost savings associated with system
integration under two carbon targets in two cases. In the first
case, the volumes of reserve and response required are mod-
eled as described in Section III-B, while in the second case,
the assumption is made that no balancing services would be
required. It can be observed that the benefits of system inte-
gration significantly decrease when there is no need for the
provision of balancing services. Moreover, as expected, the
benefits of system integration are larger under the lower carbon
target.

IV. CONCLUSION

This paper proposes a novel whole-system investment
model for the optimization of integrated electricity and heat
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systems, simultaneously considering operation and invest-
ment time horizons at both local and national level. This
model is applied to optimize the decarbonization strategies
of combined electricity and heat systems, while assessing
the values of the integration of electricity and heat system
and revealing trade-offs between electrification of heat sec-
tor through HNs and through electrified heat at the consumer
end side.

A series of case studies are carried out to quantify the bene-
fits driven by the integration of the electricity and heat systems
based on the cost assumptions. The analysis demonstrated
that increased investment in district heating infrastructure will
enhance system flexibility that will in turn deliver larger cost
savings in the operation and investment of the electricity
system, ensuring that the carbon target is met at the min-
imum whole-system cost. Furthermore, the benefits of the
application of TES, preheating and enhancing the flexibility of
the electricity system, on the value of the system integration
are also quantified. Additionally, the analysis also demon-
strates that the level of balancing service requirements would
have a major impact on the value of the system integration.
In this context, provision of balancing services by different
technologies, including the contribution of VRE, nuclear gen-
eration, emerging flexibility technologies, etc., would poten-
tially have a considerable impact on the value of the system
integration.

It will be important to further enhance the model by
investigating the significance of the strategic investment, par-
ticularly in the heat infrastructure and the potential role and
value of hydrogen technologies. It is also significant to con-
sider the importance of the transport sector in the integrated
energy system and develop more detailed understanding of
the impact of building efficiency and HNs. In this context,
further work is required to understand the impact of pre-
heating on the consumer comfort. In order to identify robust
strategies for the decarbonization of the integrated electricity
and heat sectors, it is essential to understand the impact of
considerable uncertainties in future cost of different technolo-
gies. Furthermore, more advanced methods for the selection
of representative days to further enhance the efficiency of
calculation without compromising the accuracy should be
investigated.
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