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� We assess the economic value of heat pumps and electric boilers in Denmark.
� The daily operation of a heat and power system is modeled by stochastic programming.
� Deterministic models overestimate the value of heat pumps and electric boilers.
� Heat pumps and electric boilers can reduce the cost of operating the Danish system.
� Falling power prices may boost the future value of heat pumps and electric boilers.
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a b s t r a c t

Heat pumps (HP) and electric immersion boilers (EB) have great potential to increase flexibility in energy
systems. In parallel, decreasing taxes on electricity-based heat production are creating a more favorable
economic environment for the deployment of these units in Denmark. In this paper, the economic value
of heat pumps and electric boilers is assessed by simulating their day-to-day market performance using a
novel operational strategy based on two-stage stochastic programming. This stochastic model is
employed to optimize jointly the daily operation of HPs and EBs along with the Combined Heat and
Power (CHP) units in the system. Uncertainty in the heat demand and power price is modeled via scenar-
ios representing different plausible paths for their future evolution. A series of case-studies are performed
using real-world data for the heat and power systems in the Copenhagen area during four representative
weeks of 2013. We show that the use of stochastic operational models is critical, as standard deterministic
models provide an overestimation of the added benefits from the installation of HPs and EBs, thus leading
to over-investment in capacity. Furthermore, we perform sensitivity studies to investigate the effect on
market performance of varying capacity and efficiency for these units, as well as of different levels of
prices in the electricity market. We find that these parameters substantially affect the profitability of heat
pumps and electric boilers, hence, they must be carefully assessed by potential investors.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Denmark has committed to pursue a 100%-renewable energy
supply by 2050 [1]. Furthermore, half of the electricity consump-
tion is to be provided by wind power by 2020. In view of these
ambitious targets, integration across different energy systems is
seen as fundamental, as it can improve the exploitation of the
flexibility of heat and transport systems to support the growth of
intermittent renewable power sources [2,3]. Non-renewable fuels,
such as oil and coal, are currently used to produce a significant
share of the Danish heat and power [4]. Traditionally, these have
been widely used for generating heat and power through the use
of highly efficient Combined Heat and Power (CHP) plants. How-
ever, the reconciliation of the large-scale integration of wind
power production along with the wide use of CHP units for heat
and power production (cogeneration) will be a challenge for future
energy systems. Indeed, the profitability of cogeneration can be
dramatically reduced in periods of large wind power production
as wholesale power prices drop [5].
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A partial solution to this problem consists in an efficient joint
management of the available heat and power units that takes into
account the future evolution of heat demand and power prices.
These are in turn driven by renewable power output, among other
factors [2]. Furthermore, heat pumps (HP) and electric immersion
boilers (EB) can be installed to increase the flexibility of the system
(see, e.g., [6], where equipping CHP plants with heat pumps is sug-
gested with a view to effectively increasing the penetration of wind
power in the Danish power system).

Both HPs and EBs use electricity to generate heat. In general,
units of this type may enhance the power system flexibility as elec-
tricity is used as fuel. Indeed, with an increasing share of fluctuat-
ing renewable power production in the power system, the number
of events in which renewable power generation cannot be reliably
accommodated in the grid or even exceeds the demand grows.
During these events, the market price for electricity becomes close
to zero, zero or even negative. Therefore, during these events, it
may be beneficial, both from the standpoint of a single company
and for the system as a whole, to utilize electricity to produce heat
by means of HPs and/or EBs. From a purely thermodynamic point
of view, transforming electrical energy into heat in an EB is consid-
erable less efficient than doing it through a HP.1 In contrast, EBs
have lower investment costs and fast-regulation capabilities (with
no start-up cost or ramping constraints), which makes them very
suitable for the provision of grid ancillary services. All together,
the conversion of electricity into heat via EBs and HPs may become
economically attractive in energy systems with a high penetration of
fluctuating renewable energy sources. A more thorough introduction
to heat pumps and electric boilers can be found in [7,8].

The deployment of HPs and EBs in the Danish district heating
systems began during the last decade. However, the extent of this
trend has been rather limited as high taxation has constrained the
profitability of these units. In 2013 a significant tax reduction was
decided for this specific type of production technology, favoring
especially the HP [9]. Even though the deployment of HPs and
EBs is a relatively new phenomenon, previous research on the opti-
mization and economic assessment of combined heat and power
production systems including these units is abundant, some dating
back several decades (see, e.g., [10] and references therein). How-
ever, to the best of our knowledge, all these studies were con-
ducted under a deterministic framework.

The increasing focus on cogeneration, together with a greater
awareness of the uncertainty in electricity prices and heat demand,
has resulted in numerous papers jointly dealing with these aspects
in the last decades. Deterministic optimization models to maxi-
mize the profit of heat and power production systems are proposed
in [11,12] and are also available in software packages such as ener-
gyPRO [13]. The stochastic programming approach [14] to the
same problem is followed in [15,16]. Finally, a model based on
robust optimization is proposed in [17]. Furthermore, Zapata
et al. [18] developed a deterministic optimization scheme to assess
the potential of coordinated real-time market operation of micro-
CHP and PV units. None of these works, however, include HPs
and EBs. Furthermore, the focus in this paper is on assessing the
value created by these heat production units rather than evaluat-
ing operational strategies.

Existing literature on economic valuation and investment anal-
ysis in heat and power systems has relied on deterministic opera-
tional models so far. For example, the deterministic analysis tool,
Balmorel, models the entire Greater Copenhagen district heating
system, including the Nordic power market, and provides long-
term information on an aggregated level [19]. The profitability of
1 A HP utilizes energy from a low-temperature heat source such as waste water, sea
or air in the process of producing heat. This gives a HP a higher coefficient of
performance (COP), which is the power-to-heat ratio, compared to an EB.
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different CHP technologies in a smart energy system is assessed
in [20] using the deterministic model Energyplan. Furthermore,
Blarke and Dotzauer [21] assess the economic value of a HP utiliz-
ing flue gas from a CHP. Hendriksen [22] analyzes the economic
potential for a HP to utilize waste heat from industrial facilities,
but not in the context of combined heat and power production.
In [23], a stochastic programming model is used to evaluate the
value of HPs and EBs in a system including wind power. In contrast
to the work in this paper, only wind power is considered stochas-
tic. Furthermore, the analysis is only carried out for a short period
in February, where wind power production usually fluctuates
much and thus a high benefit is to be expected from introducing
HPs and EBs.

Although the use of stochastic programming in the operation of
systems of power production facilities is well established, see
[24,25] and references therein, the economic assessment of the
value of HPs and EBs using daily operational models for heat and
power systems based on this state-of-the-art stochastic approach
remains not studied. Therefore, the contributions of this paper
are threefold. Firstly, we propose a stochastic programming model
for the joint daily operation of heat and power systems that
exploits probabilistic forecasts of heat demand and power prices.
This model represents the decision-making process that utilities
conduct in an uncertain market environment. Secondly, we use
this model to assess the yearly return of potential investments in
heat pumps and electrical boilers in an already existing energy sys-
tem. These two contributions together lead to a methodological
and modeling framework for the economic valuation of heat and
power systems that can be easily tailored to the specific market
and system conditions prevailing in the area, region or country of
interest. In this line, our third and last contribution is the use of
such a modeling framework to analyze a series of case studies
based on real-world data for the Copenhagen area under the cur-
rent conditions of the Danish heat and power markets and systems.
We assess the sensitivity of our results to different technological
and market parameters such as unit efficiencies and market-price
level.

This paper has the following structure. The physical and market
setups that serve as the basis for our model are presented in Sec-
tions 2 and 3, followed by the mathematical model in Section 4.
The methods for forecasting the heat load and the power price
are introduced in Section 5. Results from the proposed model
and the conducted analyses are discussed in Section 6. Finally, con-
clusions are duly drawn in Section 7.
2. Physical setup

Fig. 1 shows a simple overview of the physical system consid-
ered in this paper. Two different CHP units are included, one
coal-fired extraction unit (denoted in the remainder of this paper
as ‘‘ex CHP”) and one biomass-fueled back-pressure unit (‘‘bp
CHP”). The extraction unit produces at a variable heat-to-power
ratio with a variable efficiency, which is lowest when only power
is produced. The back-pressure CHP plant produces at a constant
heat-to-power ratio. More details on the operation of these plants
can be found in [7]. Both units feed heat directly to the transmis-
sion network and to a large heat accumulator. The transmission
network supplies several local distribution networks, only two of
which are shown in the illustration. The HP is connected to a local
distribution network and a small local heat accumulator. The HP
operates as a negative load for the system, i.e., it is assumed that
the size and heat demand of the distribution network is large
enough for the HP to produce at any time. Both the HP and EB con-
sume electricity and produce heat. Red dashed lines represent heat
transfer, while black arrows represent electricity inputs or outputs.
eat pumps and electric boilers in the Danish energy system. Appl Energy
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This system, without the HP and EB, is a simplification of Ama-
gerværket, a CHP plant supplying the Greater Copenhagen area
[26].

The heat supply into the transmission network must be per-
formed at a temperature of around 100 �C. Currently, HPs are only
designed to produce heat with a supply temperature of up to 85 �C
[7]. This means that the location of the HP is presently limited to
the distribution network, which directly serves end users and thus
has lower temperature requirements. The EB does not have such a
temperature restriction. Therefore, it can be located at the most
beneficial site. The taxation scheme on the usage of these units is
the main driver influencing their location.

2.1. Taxes and fees for electricity-driven heat production

The operational cost for heat pumps and electric boilers
depends on the variable electricity prices. In addition, a number
of taxes and fees applies.

Producers using HPs and EBs can, under specific circumstances,
choose between paying taxes either for their electricity consump-
tion or for their heat production [27]. Generally, the electricity tax
is more favorable to units with a high power-to-heat ratio, such as
heat pumps, whereas the heat tax is preferred for units with lower
ratios, e.g., electric boilers. According to [28], the HP and EB pro-
duction is not taxed if the units are directly connected to and sup-
plied by a sustainable energy such as a biomass fueled CHP unit. As
taxes may account for more than 50% of the production cost for an
EB, this largely justifies placing the EB at the CHP plant.

The Danish tax system for heat and power production and con-
sumption is complex and is subject to constant changes and
amendments. Further details can be found in [7,27].

3. Market setup

The electricity to be used by the HP should either be produced
internally by a power unit or bought in the electricity market. For
the EB the electricity must be supplied by the biomass back-
pressure CHP unit to be exempted from the energy tax. The heat
produced by both the HP and EB is to be sold in the heat market.
Therefore, both the (day-ahead) electricity and heat markets are
relevant for the operation of these units.

3.1. Day-ahead electricity market

The Nordic electricity market, Nord Pool, constitutes the natural
trading floor for the electricity produced by the CHP plant or
Please cite this article in press as: Nielsen MG et al. Economic valuation of h
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consumed by the heat pump or the electric boiler. The day-ahead
market, Elspot, is the most widely used, as it accounts for 71% of
the total volume of traded electricity [29].

The gate closure of the Elspot market is set at noon, when all the
participants must have submitted their offers and bids for power
delivery and consumption at every hour of the following day.
Through their offers (bids), market participants specify supply
(demand) curves, which indicate the price required (offered) for
a certain level of production (consumption). The dispatch for each
individual participant and the prices are determined by the market
operator, which runs a market clearing process aimed at maximiz-
ing social welfare [30]. In the event of low prices, the HP and EB
benefit from buying electricity and producing heat. On the con-
trary, high prices favor CHP plants, as these units produce electric-
ity along with heat.

For simplicity, in this paper we make the assumption that the
considered utility trades power exclusively on the day-ahead mar-
ket. Extensions of this work with the inclusion of other markets,
e.g., bilateral, balancing or reserve, is left as future work (see, for
instance [31], where the authors discuss the benefits of having
CHP plants contributing to the provision of ancillary services for
the electrical grid).
3.2. Heat market

The daily heat dispatch in Copenhagen is run by Varmelast.dk
[32], which is owned by the three major heat distributors/trans-
mitters. The process is outlined in Fig. 2. Furthermore, the price
for heat in the Danish heat market is agreed, and thus fixed and
known, in advance between suppliers of district heating and dis-
tributors/transmitters through mid-term contracts.

The most relevant stages for this paper are the last two. Based
on a pre-determined heat dispatch, the utility has to plan both
the heat and power production before the day-ahead power price
is disclosed. Since neither the actual heat demand nor the power
price are known, decisions at this stage are based on forecasts
and must allow for some flexibility so that the system can adapt
to all possible contingencies.

As the power production plan is to be determined along with
the heat schedule before noon, utilities are not flexible when
specifying the power supply offer at the day-ahead market, i.e.,
their offer is inelastic. This implies that they may have to face an
unfavorable electricity price, possibly resulting in financial losses,
to guarantee a sufficient delivery of heat to the transmission
network.

The management of a portfolio of different units is not trivial
and calls for the use of optimization techniques. The HP and EB
can only consume power, but CHP plants can produce power
and heat in different ratios and with different efficiencies.
Furthermore, in view of the uncertainty in heat demand and power
prices, the use of stochastic optimization techniques, such as
stochastic programming, is highly appropriate to operate this type
of systems.
eat pumps and electric boilers in the Danish energy system. Appl Energy
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4. Model

This section presents a deterministic and a stochastic program-
ming model to optimize the operation of the CHP system sketched
in Fig. 1. The notation we use is indicated in Tables 1 and 2.

4.1. Deterministic model

The objective is to minimize total operating costs, cdet;tott , i.e.,

min :
X
t

cdet;tott ð1Þ

where cdet;tott is given by:

cdet;tott ¼ p̂spot
t pcon

t � pprod
t

� �
� pbp

t � qd;EB
t þ qs;EB

t

� �� �
cbio ð2Þ

þ ptax;HP
t þ ptax;EB

t þ ptax;bp
t þ ptax;ex

t þ cf ;bpf bpt þ cf ;exf ext

þ csu isu;bpt þ isu;ext

� �
þ csd isd;bpt þ isd;ext

� �

þ csu;HPisu;HPt þ cinf qinf
t

The first term in (2) represents the cost of the power consumed by
the EB and HP minus the expected turnover from the power traded
on the Elspot market. It is followed by a term representing the sub-
sidy for power produced from biomass and not used by the EB. The
following four terms are the tax costs for the HP, EB, bp CHP and ex
CHP, respectively, which are calculated as follows

ptax;HP
t ¼ 1

COPHP qd;HP
t þ qs;HP

t

� �
ctax;el þ ctariff ;net
� �

; 8t ð3Þ
Table 1
Sets and decisions variables for the stochastic and the deterministic model.

Indices
t Time index for hourly period
n Scenario index for stochastic model
k CHP unit index (bp CHP, ex CHP)

Decision variables

pprodt
2 Rþ Total electricity production at time t

pcont 2 Rþ Total electricity consumption at time t

qs;bpt
2 Rþ Heat production from bp CHP to storage, s

qd;bpt
2 Rþ Heat production from bp CHP to demand at time t

qs;ext 2 Rþ Heat production to storage s from ex CHP

qd;ext
2 Rþ Heat production to demand from ex CHP

qs1;HPt
2 Rþ Heat production from HP to storage s1 at time t

qd;HPt
2 Rþ Heat production from HP to demand at time t

qs;EBt
2 Rþ Heat production from EB to storage s at time t

qd;EBt
2 Rþ Heat production from EB to demand at time t

qd;st
2 Rþ Amount taken from storage s at time t

qd;s1t
2 Rþ Amount taken from HP storage s1 at time t

qinft
2 Rþ Heat demand not covered at time t

sst 2 Rþ Amount in storage s at time t
ss1t 2 Rþ Amount in HP storage s1 at time t

pf ;ext
2 Rþ Max power for constant fuel for ex CHP

f ext 2 Rþ Fuel consumption from ex at time t

f bpt 2 Rþ Fuel consumption from bp CHP at time t

pext 2 Rþ Power production from ex CHP at time t

ibpt 2 B Is one if bp CHP is producing at time t

isu;bpt
2 B Is one if bp CHP is in start-up at time t

isd;bpt
2 B Is one if bp CHP is in shut-down at time t

iext 2 B Is one if ex CHP is producing at time t

isu;ext 2 B Is one if ex CHP is in start-up at time t

isd;ext
2 B Is one if ex CHP is in shut-down at time t

iHPt 2 B Is one if HP is producing at time t

isu;HPt
2 B Is one if HP is in start-up at time t

Please cite this article in press as: Nielsen MG et al. Economic valuation of h
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ptax;EB
t ¼ qd;EB

t þ qs;EB
t

� �
ctariff ;net; 8t ð4Þ

ptax;bp
t ¼ 1

rtax;f
qd;bp
t þ qs;bp

t

� �
cNOx ; 8t ð5Þ

ptax;ex
t ¼ 1

rtax;f
qd;ex
t þ qs;ex

t

� �
ctax;coal þ cCO2 þ cNOx
� �

; 8t ð6Þ

The second line of (2) also includes the fuel costs for the two CHP
units. Finally, the last four terms of the objective function corre-
spond to the start-up costs incurred by the two CHP units and the
HP, shut-down costs for the CHPs, and the cost of the heat demand
not served.

Objective function (2) is given by running costs, except for the
term equal to minus the power sale revenue. Since the price for
heat is fixed in advance, and cinf is made sufficiently high to ensure
that the heat load is met whenever feasible, objective function (2)
can also be interpreted as minus the profit made by the owner of
the CHP system depicted in Fig. 1.

4.1.1. Heat balance

Eq. (7) enforces the heat balance. Variable qinf
t is introduced to

allow for a feasible solution in case that the heat demand, dt , can-
not be met. The use of this variable is penalized in the objective
function.

qd;bp
t þ qd;HP

t þ qd;EB
t þ qd;s

t þ qd;s1
t þ qd;ex

t ¼ dt � qinf
t ; 8t ð7Þ
Table 2
Parameters for the stochastic and the deterministic model.

Parameters

p̂spott
Forecast spot price at time t

d̂t Forecast heat load at time t

Cs Storage capacity

Cs1 HP storage capacity

CHP Heat production capacity for HP

CEB Heat production capacity for EB

Cbp Heat production capacity for bp CHP

Cex Heat production capacity for ex CHP

cf ;bp Fuel cost for bp CHP (biomass)

cf ;ex Fuel cost for ex CHP (coal)

COPHP COP for HP

gbp Total efficiency for bp CHP
gex Power efficiency for ex CHP

Rbp Max ramp up and down rate for bp CHP

Rex Max ramp up and down rate for ex CHP

Sflow Maximum flow to and from storage

Sloss Loss when using heat from storage

cvex Power to heat ratio for ex CHP in extraction operation

cbbp Power to heat relationship for bp CHP

cbex Power to heat ratio for extraction CHP in back-pressure operation

Pmin;bp Minimum power production from bp CHP

Pmax;ex Maximum power production from ex CHP

Pmin;ex Minimum power production from ex CHP

Qmin;HP Minimum heat production from HP

csu Start up cost for CHP units
csd Shut-down cost for CHP units

csu;HP Start up cost for HP

ctax;coal Tax for production from coal

ctariff ;net Distribution fee for electricity consumption

ctax;el Electricity consumption tax

cCO2 CO2 tax for heat production from fossil fuels

cNOx NOx tax for heat production from fossil fuels

cbio Subsidy for power produced by biomass bp CHP

cinf Penalty for the heat demand not being satisfied

rtax;f Ratio between heat production and fuel to be taxed

ctax;heat Tax on heat production Elpatronlov [33] (E.A.4.2.9)

eat pumps and electric boilers in the Danish energy system. Appl Energy
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4.1.2. Total power production and consumption

The planned production of electricity, pprod
t , is defined as the

sum of the power outputs of the two CHP units, that is,

pprod
t ¼ pbp

t þ pex
t ; 8t ð8Þ

The power consumed by the EB and HP, pcon
t , is determined as

pcon
t ¼ qs;EB

t þ qd;EB
t þ 1

COPHP qd;HP
t þ qs;HP

t

� �
; 8t ð9Þ
4.1.3. Tax- and subsidy-related constraints
In order for the EB to be exempt from the electricity consump-

tion tax, its power consumption must always come from the bio-
mass back-pressure CHP. Thus, it is required that

qs;EB
t þ qd;EB

t 6 pbp
t ; 8t ð10Þ

Note that no subsidy is paid for the part of the back-pressure elec-
tricity production that is used for the EB, as it is not delivered to the
grid.

4.1.4. Power production and fuel consumption of CHP units
The power production and fuel usage from the back-pressure

CHP is calculated in (11) and (12) using the power efficiency gbp:

pbp
t ¼ qs;bp

t þ qd;bp
t

� �
cbbp

; 8t ð11Þ

f bpt ¼ 1
gbp

pbp
t þ qs;bp

t þ qd;bp
t

� �
; 8t ð12Þ

Due to the operational possibilities of an extraction CHP,
explained in [7], heat and power outputs are not bound to follow
a proportional relationship. The power production is, instead, con-
strained to be within a feasible region that depends on the heat
production:

pex
t 6 cvex qd;ex

t þ qs;ex
t

� �
þ Pmax;ex; 8t ð13Þ

pex
t P cbex qd;ex

t þ qs;ex
t

� �
þ Pmin;ex; 8t ð14Þ

Constraints (15) and (16) link power and heat production to the
corresponding fuel consumption f ext :

pex
t ¼ cvex qd;ex

t þ qs;ex
t

� �
þ pf ;ex

t ; 8t ð15Þ

f ext ¼ 1
gex

pf ;ex
t ; 8t ð16Þ
4.1.5. Ramping
The ramping constraints of the CHP units are formulated as

qd;k
t þ qs;k

t

� �
� qd;k

t�1 þ qs;k
t�1

� �
6 Rk; 8t; k ð17Þ

qd;k
t þ qs;k

t

� �
� qd;k

t�1 þ qs;k
t�1

� �
P �Rk; 8t; k ð18Þ

These constraints imply that the CHP units can only increase or

decrease their production by a limited amount, Rk, from one hour
to the next. Since the capacity of the HP is not very large relative
to the CHP units, we disregard the ramping limits of the HP. The
EB can go from zero to full load, and vice versa, in a matter of min-
utes or seconds. Thus, ramping constraints are not relevant for this
unit.

4.1.6. Start-up and shut-down
Start-up and shut-down costs are non-zero for both the back-

pressure and the extraction CHP units. The HP also incurs start-
up and shut-down costs. However, shut-down costs for the HP
are comparatively much smaller than start-up costs. Hence, they
Please cite this article in press as: Nielsen MG et al. Economic valuation of h
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are omitted here for simplicity. In (19)–(21), binary variables

ibpt ; iext and iHPt are one if the heat or power production of the respec-
tive unit is different from zero:

qs;bp
t þ qd;bp

t 6 ibpt Cbp; 8t ð19Þ
pex
t þ qs;ex

t þ qd;ex
t 6 iext Pmax;ex þ Cex� �

; 8t ð20Þ
qs;HP
t þ qd;HP

t 6 iHPt CHP; 8t ð21Þ
Note that constraint (20) includes the power production, pex

t ,
because unlike the back-pressure CHP unit, the extraction plant
can produce power without simultaneously producing heat.

Eqs. (22) and (23) are logical constraints on the binary start-up

variables, isu;bpt ; isu;ext and isu;HPt :

isu;kt P ikt � ikt�1; 8t; k ð22Þ
isu;HPt P iHPt � iHPt�1; 8t ð23Þ

Constraints modeling the shut-down of CHP units are formu-
lated as follows:

isd;kt P ikt�1 � ikt ; 8t; k ð24Þ
4.1.7. Minimum load constraints
A minimum power and heat production is required when the

CHP units and the heat pump are running, respectively. This is
enforced by the following constraints:

pk
t P ikt P

min;k; 8t; k ð25Þ
qs;HP
t þ qd;HP

t P iHPt Qmin;HP; 8t ð26Þ
4.1.8. Storage operation
The two storages in Fig. 1 are characterized by their state tran-

sition Eqs. (27) and (28), which describe their heat level at any
point in time. These equations are formulated as the previous heat
level plus the net heat flow to the storage at time t. The net heat
flow to the storage is given by the amount of heat transferred from
the production units (CHP plants and EB or HP) to the storage
minus the amount of heat that is extracted from the storage to sup-
ply the demand:

sst ¼ sst�1 þ qs;bp
t þ qs;ex

t þ qs;EB
t � slossqd;s

t ; 8t ð27Þ
ss1t ¼ ss1t�1 þ qs;HP

t � slossqd;s1
t ; 8t ð28Þ

In the previous equations, sloss is introduced to model a heat loss
when using the storage.

There is a physical limit on the amount of heat that can
flow to and from the storage. This constraint is modeled as
follows:

qd;s
t 6 Sflow; 8t ð29Þ

qs;bp
t þ qs;EB

t þ qs;ex
t 6 Sflow; 8t ð30Þ

We assume that the smaller local storage can be emptied or
refilled completely in one hour. Hence, no lower or upper bounds
for the heat flow into or from this storage are needed.

4.1.9. Capacity constraints
The following capacity constraints are required to limit the pro-

duction from the EB and the heat content in the storages.

sst 6 Cs; 8t ð31Þ
ss1t 6 Cs1; 8t ð32Þ
qs;EB
t þ qd;EB

t 6 CEB; 8t ð33Þ
eat pumps and electric boilers in the Danish energy system. Appl Energy
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Note that the capacity limits of the CHP units and the HP are
enforced by (19)–(21), respectively.

The objective function (2) and constraints (3)–(33) constitute
the deterministic model to optimize the daily operation of the
CHP system.

4.2. Stochastic model

Both the electricity price and the heat demand are uncertain.
In the deterministic model presented above, day-ahead
scheduling and trading decisions are made on the basis of a point
forecast for the stochastic parameters, i.e., a single value typically
representing the expected realization of the uncertainty.

In practice, when uncertain parameters like the heat demand
are disclosed in real-time, utilities have the possibility of re-
adjusting their schedule so that the actual production matches
the realized consumption. However, when making decisions in
advance, deterministic models neglect the possibility of making
real-time adjustments. In other words, such models do not con-
sider the cost of re-adjustment. In the technical literature, deci-
sions that are to be made in advance are referred to as ‘‘here-
and-now”, while decisions that can be adapted to the outcome
of the uncertainty are referred to as ‘‘recourse”.

Stochastic optimization differs from its deterministic counter-
part in that it explicitly models the recourse stage in the
decision-making process. When determining the optimal here-
and-now solution, stochastic optimization models consider both
the scheduling cost and a probabilistic measure (such as the
expected value or a risk metric) of the readjustment costs. This
way, stochastic optimization can make better decisions by
providing higher flexibility to cope with contingencies in real-
time.

A particular method for stochastic optimization is stochastic
programming. In a stochastic programming model, a finite
number of samples of the uncertain parameters is considered.
An individual instance of the recourse variables is then assigned
to each of these scenarios. As a result of the discretization pro-
cess, a finite number of here-and-now and recourse variables
are to be optimized, resulting in a tractable optimization prob-
lem. We refer the reader to [14] for further details on this
technique.

This approach is the subject of the following section. The
notation employed is as described in Tables 1 and 2. However,
the uncertain parameters and the recourse variables are now
denoted by the additional index n, linking the relevant parameter
or variable to a particular realization of the uncertainty (scenario).
For example, parameters dt;n and pspot

t;n represent the realized heat
demand and electricity price for scenario n and time t, respectively.

Similarly, isu;HPt;n is the readjustment of the HP start-up decision for
time t and scenario n. Furthermore, the symbol D is employed to
denote a change or adjustment between the day-ahead plan and

the actual real-time value of a variable. For example, Dpprod
t;n

represents the change in electricity production for scenario n.

4.2.1. Objective function
In the stochastic programming model, we formulate the objec-

tive function (34) as the sum of the first stage cost, cdet;tot , as
defined in (2), and the expected value of the recourse cost,
E½Qðx; nÞ�, that is,

min :
X
t

cdet;tott þ E½Qðx; nÞ� ð34Þ

where
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Qðx; nÞ ¼ min :
X

t
DpHP;tax

t;n þ DpEB;tax
t;n þ Dpex;tax

t;n þ Dpbp;tax
t;n

�

� Dpbp
t;n � Dqd;EB

t;n þ Dqd;EB
t;n

� �� �
cbio;sup þ cf ;bpDf bpt;n þ cf ;exDf ext;n

þ cinfDqinf
t;n þ csu Disu;bpt;n þ Disu;ext;n

� �
þ csu;HPDisu;HPt;n

þ csd Disd;bpt;n þ Disd;ext;n

� ��
ð35Þ

The first four terms represent the change in tax costs followed
by the change in the subsidy for biomass-produced power. Then,
the cost associated with the change in fuel consumption and the
cost of uncovered heat demand are stated. Finally, the last three
terms account for the adjustments costs related to start-ups and
shut-downs.

The CHP system must remain in power balance, that is,

Dpprod
t;n � Dpcon

t;n ¼ 0; 8t; n ð36Þ

where we have assumed that the CHP system does not exchange
electricity in the real-time market (i.e., it self-balances the power
deviations from the day-ahead power production schedule).

To further clarify this constraint, let us consider a scenario
where the heat demand is higher than expected. In such a case, a
CHP unit may be required to produce additional heat, and thus also
power. This implies that the EB or HP should increase their power
consumption accordingly. If this is not considered, as in the deter-
ministic model, it can result in the heat demand not being satisfied.
In the stochastic setup, the first-stage decisions are made so that
second-stage decisions can adapt efficiently to the realizations of
the stochastic heat demand.

Constraints (3)–(33) are also imposed in the stochastic model to
ensure that the resulting day-ahead unit commitment and dis-
patch solutions are feasible. Besides, the same constraints have
to be replicated for each scenario in order to enforce that the actual
real-time dispatch of the units, resulting from the combination of
pre-dispatch and readjustment, is feasible. As an example, let us
consider the heat balance constraint, which for the day-ahead dis-
patch is enforced by (7). The corresponding constraints imposing
heat balance in real-time are the following:

qd;bp
t þ qd;HP

t þ qd;EB
t þ qd;s

t þ qd;s1
t þ qd;ex

t þ Dqd;bp
t;n þ Dqd;HP

t;n

þ Dqd;EB
t;n þ Dqd;s

t;n þ Dqd;s1
t;n þ Dqd;ex

t;n

¼ dt;n � qinf
t � Dqinf

t;n ; 8t; n ð37Þ

This type of constraints exists for all the features presented in (11)–
(33) in the deterministic model. Furthermore, the non-negativity
definitions in Table 1 should also be true after introducing the
recourse variables.
5. Forecasts and scenario generation

This section describes the method employed for probabilistic
forecasting of the heat load and spot price used as input to the
deterministic and the stochastic optimization models. We con-
struct time series models to describe the heat load and spot price
and provide forecasts of the heat load and spot price up to 38 h
ahead.

Forecasting the spot price is generally considered highly com-
plex and is a research topic of its own [34,35]. However, as we
focus on the economic analysis, the proposed forecasting models
only feature the main principles needed to construct the necessary
input data, without aiming at improving the state-of-the-art.
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Table 3
Parameter values.

Parameter Value Unit

Cs 750 MWh

Cs1 200 MWh

CHP 75 MW

CEB 75 MW

Cbp 250 MW

Cex 330 MW

cf ;bp 19.3 €/MWh

cf ;ex 9.7 €/MWh

COPHP 3 –

gbp 1.1 –
gex 0.35 –

cbbp 0.24 –

Rbp 50 MW/h

Rex 40 MW/h

Sflow 300 MW/h

Sloss 1.05 MW/h

cvex �0.12 –
cbex 0.64 –

Pmin;bp 12 MW

Pmin;ex 40 MW

Qmin;HP 10 MW

csu 16,778 €

csd 116,778 €

csu;HP 336 €

ctax;coal 34.7 €/MWh

ctariff ;net 29.4 €/MWh

ctax;el 55.3 €/MWh

cCO2 7.7 €/MWh

cNOx 1.2 €/MWh

cbio;sup 20.1 €/MWh

cinf 134.2 €/MWh

rtax;f 1.2 –
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5.1. Forecasting heat load and spot price

The data available for the heat load consist of the expected
hourly heat demand in the Greater Copenhagen area for the full
year of 2013.

Monthly deviations are between 5% and 15% [32], being highest
in the spring and fall where the weather is less predictable. A clear
seasonal trend is present in the heat demand data, due to the
strong difference in temperature between summer and winter.
Furthermore, a daily seasonality is observed due to specific con-
sumption patterns during the day.

Since the realized heat load was not available, we fit a time-
series model to the available heat prognosis. The following AR
model [36] proved to be appropriate to model the data at hand:

Yt ¼ /1Yt�1 þ /2Yt�2 þ /3Yt�24 þ /4Yt�25 þ �t ð38Þ
where Yt is the heat demand at time t; �t is a white noise process
� Nð0;rÞ and /1–/4 are parameters estimated using the prediction
error method [36]:

ð/1;/2;/3;/4Þ ¼ ð1:35;�0:40;0:42;�0:37Þ ð39Þ
The standard deviation of the innovation process is:

r ¼ 26:66 MWh ð40Þ
Forecasts up to 38 h ahead are issued, resembling reality where

day-ahead forecasts are provided to utilities at 10 am to support
their offering process.

The data available for the expected heat demand is based on a
heat market with two suppliers. As this paper adopts the viewpoint
of one supplier, the demand is scaled accordingly.

Regarding the electricity spot price, hourly historical data are
publicly available at [37]. Similar to the heat load, but less signifi-
cantly, the spot price shows a daily pattern with the price being
lowest at night. Correlation between the spot price and heat
demand is non-negligible and thus a regression model with the
heat demand forecast as explanatory variable is suggested to
model the spot price, see [30] for further explanation.

A seasonal second order autoregressive model is identified as
suitable [36]. The spot price at time t; Xt , is described by:

Xt ¼ h1Xt�1 þ h2Xt�2 þ h3Xt�24 þ h4Yt þ �t ð41Þ
where the explanatory variable Yt is the heat demand forecast at
time t. The parameter values are estimated to:

ðh1; h2; h3; h4Þ ¼ ð1:10;�0:26;0:15; 0:002Þ ð42Þ
and the standard deviation of the innovation process is found to be:

r ¼ 34:2 MWh

Including wind speed forecasts as explanatory variables would
improve the forecasts, since wind power production is found to
have a strong negative correlation with the spot prices [34]. We
leave this as a direction for future improvement of the model.

To provide the necessary input to the stochastic-programming
model, we generate 100 scenarios, each corresponding to a possi-
ble realization of the stochastic process [30].

6. Model results

In this section, we present results obtained from the compar-
ison between the stochastic and the deterministic models on a
setup that is based on the actual heat system Amagerværket,
which serves part of the Greater Copenhagen area. We consider
the first week of February, May, August and November to represent
the yearly variation in heat demand and electricity spot price. To
set the initial content of the heat storages and the initial on/off
states and production levels of the CHP plant, the heat pump and
Please cite this article in press as: Nielsen MG et al. Economic valuation of h
(2015), http://dx.doi.org/10.1016/j.apenergy.2015.08.115
the electric boiler in each of the analyzed weeks, the operation of
the CHP system is simulated over an extra day prior to the week
in question. The content of the heat tanks associated with the
CHP plant and the heat pump for the first hour of this extra day
are fixed at 200 MWh and 0 MWh, respectively, with the only pur-
pose of guaranteeing a feasible starting solution. On the other
hand, we let the heat storages to be fully emptied by the end of
each week. The consideration of any other final value for the heat
content of the storages should not affect, at least significantly, the
relative difference in costs of the stochastic and the deterministic
operational models, insofar as both models are run under the same
conditions. These two models are Mixed Integer Linear Programs
(MILP), with the stochastic model being of larger size due to the
use of scenarios. We employed CPLEX, see [38], within the model-
ing environment GAMS running on a computer with an Intel Core
i5 processor at a clock-speed of 1.7 GHz and 4 GB of RAM memory.

The parameter values used for both the deterministic and the
stochastic models are displayed in Table 3. The optimization con-
siders a 24-h time horizon, i.e., each day is optimized separately.
However, the production and storage levels at the last hour of each
day are used as a fixed input to the following day.

Solving the deterministic model for the full year of 2013 reveals
that the back-pressure CHP is generally used throughout the whole
year and is basically the only unit operating during summer. The
extraction CHP is mainly used during winter, early spring and late
autumn. Both observations are consistent with the production pat-
terns of the two existing CHP units at Amagerværket, see [26]. The
HP appears in the production schedule, mainly during winter,
spring and autumn where more frequent low electricity-price
events occur. On the basis of this preliminary analysis, we conclude
eat pumps and electric boilers in the Danish energy system. Appl Energy
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that we can focus on the first weeks of February, May, August and
November, which provide a representative sample of the yearly
behavior of the system.

The remainder of this section presents four different case stud-
ies. These are primarily chosen in order to investigate the prof-
itability of the HP and EB considering different technological
setups and market conditions. Section 6.1 presents a comparison
of the stochastic and the deterministic models, including an anal-
ysis of the impact of HP and EB capacity on the performance of
the two models. Sensitivity studies with respect to changes in
capacity for the HP and the EB are presented in Section 6.2. Simi-
larly, Sections 6.3 and 6.4 analyze the sensitivity of the results with
respect to changes in the COP for the HP and in the electricity
prices, respectively.
bp CHP EB HP ex CHP

Storage HP storage Uncovered

Demand real.
Spot price real. Spot price fore.

Demand fore.

Fig. 4. Actual heat production for the deterministic solution in a scenario where
realization of heat demand is larger than forecast.
6.1. Case 1: Deterministic and stochastic model comparison

In this section, results obtained with the deterministic and
stochastic operation models are compared. First, an example of
the differences of daily operation is provided, followed by an
assessment of the difference in performance over the entire year
2013.
6.1.1. Daily production comparison
We now provide an example illustrating the differences in how

the deterministic and the stochastic models adjust the production
to meet the realized demand. Let us consider a particular scenario
in the set sampled as described in Section 5. In this scenario, the
heat demand is rather high, and in particular it is larger than as ini-
tially forecasted. Figs. 3 and 4 show the actual production for each
unit as resulting from the stochastic and the deterministic model,
respectively. Furthermore, the expected forecast values for heat
demand and spot price are included in the figure along with their
actual realization in the specific scenario. For the stochastic model,
the actual production corresponds to the optimal readjustment of
the recourse variables for heat production in the particular sce-
nario considered. For the deterministic model, it can be determined
by running the stochastic model with all first-stage variables fixed
to the deterministic solution.

A significant difference between the two models is the occur-
rence of uncovered demand in the results from deterministic
model, as illustrated by the brown area in Fig. 4. This is generally
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Fig. 3. Actual heat production for the stochastic solution in a scenario where
realization of heat demand is larger than forecast.
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very undesirable, as it might lead to the start-up of expensive
backup units or, even worse, to the curtailment of load. This occurs
because the deterministic model overlooks the recourse stage
when optimizing the day-ahead dispatch, as explained in Section 4.
In this case, this myopic approach results in a pre-dispatch that is
too inflexible to cope with the uncertain heat demand.

6.1.2. Yearly economic assessment
In this section we compare the economic benefits of the

stochastic and the deterministic models over a year. This is done
by considering the average cost obtained with the respective solu-
tions in the scenario set built as described in Section 5. In order to
determine the average cost of the deterministic approach, we fix its
solution as the day-ahead dispatch in the stochastic model. Subse-
quently, this model is solved, yielding the optimal recourse for the
deterministic model.

Fig. 5 shows the total daily heat costs for the first week of
February, May, August and November with the deterministic and
the stochastic solutions. The relative difference in average weekly
costs between the two models is found to be as follows:

wFeb ¼ 4%; wMay ¼ 15% ð43Þ
wAug ¼ 22%; wNov ¼ 4% ð44Þ
February May August November
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Fig. 5. Average cost for the deterministic and stochastic models.
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The reason for the relatively small percentages in February and
November is the high degree of flexibility in the dispatch of the
system. In Section 5 the standard deviation of the heat demand
was found to be r� ¼ 26:66 MWh. As this standard deviation is
small relative to the capacity of the HP and EB, the system is flex-
ible enough for the deterministic model to handle the deviations
almost as well as the stochastic optimization model. In May and
August, the demand is very low and the back-pressure CHP is basi-
cally the only unit used for heat production. In this situation, the
flexibility is limited and thus a higher benefit from using the
stochastic model is observed.
6.1.3. Impact of HP and EB capacity
We now investigate how different HP and EB capacities impact

the ability of the stochastic programming model to deliver lower
average costs than the deterministic model. The following setups
are considered:

1. 100% capacity for both the HP and EB (reference case 0).
2. 50% capacity for both the HP and EB.
3. 0% capacity for both the HP and EB.

A comparison of the three cases is displayed in Fig. 6. For each
setup and week, the difference between the deterministic and the
stochastic model results are found as a percentage of the cost
obtained with the stochastic model. Thus, a positive difference
implies that the stochastic model provides lower heat costs com-
pared to the deterministic one.

For February and November, a small relative difference in per-
formance is observed in the case of full HP and EB capacity. Indeed,
the higher demand during these months forces many production
units to operate simultaneously, which increases the flexibility of
the system. Notably, the benefit of using a stochastic approach
increases as the capacity of HP and EB is reduced. In particular,
when the capacity for the EB and HP is fixed to zero, i.e., if the
HP and EB are removed from the system, the stochastic solution
is significantly better than the deterministic. In May and August
the added benefit from using the stochastic model is generally
higher, although it decreases in August when the capacity is
decreased. This is likely due to the low heat demand during this
month and the consequent exclusive use of the back-pressure
CHP unit. The stochastic approach utilizes the HP and EB to
increase the flexibility of the system. Hence, removing these units
results in a larger cost increase for the stochastic model.

This analysis indicates that part of the gain in flexibility and in
reduced costs obtained by installing HPs and EBs can actually be
reaped just by employing stochastic programming to dispatch
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Fig. 6. Improvement in average cost obtained by switching from the deterministic
to the stochastic model.
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the system. Clearly, switching to stochastic programming is prefer-
able to installing larger EB and HP capacity, as the capital cost for
installing these units is significant. These results also imply that
making an investment decision based on deterministic operational
models runs the risk of overestimating the needed capacity and
thus of being suboptimal.

6.2. Case 2: Reduction in HP and EB capacity

This section investigates the impact of reducing the HP and EB
capacity, investigating the same cases considered in Section 6.1.3.
Differently from that section, the purpose here is to assess the
impact on system cost for the stochastic model only.

In the reference case 0, a heat capacity of 75 MW is used for
both the EB and HP. This size, although relatively large, is realisti-
cally achievable. However, it is not necessarily the most optimal
size. As the investment cost depends strongly on the size of the
units, it is important to find the optimal capacity.

Fig. 7 shows a comparison of the results obtained by solving the
stochastic programming model using the different capacities. For
each of the considered weeks, the average daily heat costs are dis-
played. The results indicate a non-linear relationship between HP
and EB capacity and the system costs. The difference also appears
to be largest in February and November, which is the period where
these units are utilized the most.

The yearly monetary savings having 50% and 100% capacity as
opposed to 0% is estimated using a linear scaling of the result for
the four representative weeks:

z0% � z50% ¼ €2:5 M
z0% � z100% ¼ €3:1 M

This corresponds to cost reductions of 4% and 5% compared to the
zero capacity case.

The benefit of doubling the capacity from 50% to 100% results in
a cost reduction of €3:1 M � €2:5 M ¼ €0:6 M.

Notably, the first increase in capacity from 0% to 50% is more
significant than the additional capacity from 50% to 100%. In order
to formulate an appropriate investment strategy, such figures
should be evaluated against the investment costs for units of dif-
ferent sizes. Indeed, both the benefit and the investment cost per
MW decrease for these units. The former fact is proved by our
results, while the latter results from economies of scale [39].

6.3. Case 3: Change in COP for HP

In the reference study (case 0) the COP for the HP was set to
COPHP ¼ 3:0. However, both higher and lower values for the COP
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Fig. 7. Average daily system costs for different HP and EB capacities.
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could occur depending on the characteristics of the HP and the
choice of the cold heat source [40,41].

In this section we assess the impact on the system cost resulting
from increasing and reducing the COP to 3.5 and 2.5, respectively.
This study is particularly relevant as the COP fluctuates over the
year due to varying temperature requirements or variations in
the cold source temperature [8]. Fig. 8 shows a comparison of daily
average heat cost with a COP of 2.5, 3.0 and 3.5.

The yearly monetary savings are here averaged to be:

zCOP¼2:5 � zCOP¼3 ¼ €0:9 M
zCOP¼3:5 � zCOP¼3 ¼ �€1:9 M

These results can be used as input to the decision-making process
concerning the choice of HP technology and characteristics. If an
increase in COP from 3.0 to 3.5 is achievable at costs similar to
the yearly costs outlined above, the payback time for this additional
investment is one year.
6.4. Case 4: Electricity price decrease

In this section we investigate the case of decreasing electricity
prices. This is particularly interesting, as increasing shares of wind
power in the electricity production will bring about lower power
prices on average. Low electricity prices will in reality usually
occur when there is a high wind power penetration [35]. However,
for simplicity we assume that all electricity prices are lowered by a
constant amount. This allows for a study of the electricity price
impact on the economic benefits of HPs and EBs. Two cases charac-
terized by lower electricity prices are investigated along with the
reference case. In one of the additional cases, the system includes
neither heat pumps nor electric boilers, while in the other we con-
sider the same capacity as in the reference case for these units. The
two additional cases are characterized by the following
parameters:

1. pspot;red
t;n ¼ pspot

t;n � 10 €=MWh

CHP ¼ CEB ¼ 75 MW

2. pspot;red
t;n ¼ pspot

t;n � 10 €=MWh

CHP ¼ CEB ¼ 0 MW

Fig. 9 shows the average daily system costs in the two cases
compared to the reference case 0. If the electricity prices drop on
average, a significant increase in the total cost is observed. This
can be explained from the high forced production of power at
the CHP plants which is sold at a lower price.
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The yearly savings resulting from the installation of an HP and
EB in the case that the spot price decreases by 10 €/MWh amount
to

zpower;100% � zpower;0% ¼ €4:1 M

This result indicates that a significant increase, from €3.1 M to
€4.1 M, in the economic value of HPs and EBs is obtained in the
event of decreasing power prices. When considering a potential
investment in HPs and EBs, the future evolution of power prices
should be carefully assessed, as these will most likely reach lower
levels with increasing wind power penetration. We leave as a direc-
tion of future work the assessment of the value of HPs and EBs
when the power prices, rather than decreasing uniformly, drop as
a function of wind power production.

7. Conclusion

This paper presents an assessment of the economic value of
electric boilers and heat pumps in the Danish energy system. This
assessment is performed by simulating the financial performance
of optimization models that mimic the decision-making process
conducted daily by utilities to dispatch and trade the output of
their units on the heat and power markets. The setup of our study
is specifically tailored to the Danish case of the Greater Copen-
hagen area, considering realistic unit data and the currently exist-
ing tax scheme, which is shown to have a significant impact on the
merit-order of the production units. The case of Denmark is partic-
ularly relevant, because the small Nordic country is a frontrunner
in the integration of heat and power systems with the ambitious
goal of having fully renewable heat and power systems by 2035.
Therefore, Denmark may set an example for other countries with
a high share of fluctuating renewable power resources and district
heating. For example, China is currently investing in wind power
generation a lot and the country is already facing important wind
power curtailment due to the inflexibility of its power grid. In
some provinces in China, the curtailment rate amounts to 20% of
the generated wind power. A recent study entitled ‘‘System inte-
gration of wind power by use of the DH/CHP systems in north-
east China” [42] analyzes how district heating systems can help
reduce the need for wind power curtailment by, e.g., using surplus
electricity in heat pumps and electric boilers. In this vein, the pre-
sented models can be easily adapted to other energy systems exist-
ing worldwide.

Two models for optimizing the day-ahead dispatch and trade of
the outputs of heat pumps, electric boilers and combined heat and
power plants are developed in this paper. The first model consists
in a deterministic optimization of the system solely based on a
eat pumps and electric boilers in the Danish energy system. Appl Energy
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point forecast (expected value) for the uncertain heat demand and
power prices. Furthermore, a more advanced model based on
stochastic programming is developed to account for the uncer-
tainty involved in such forecasts through the use of scenarios rep-
resenting plausible future paths of heat demand and power prices.

A comparison of the financial results obtained from the deter-
ministic and the stochastic programming models shows that the
difference in performance is large when a small capacity of heat
pumps and electrical boilers is applied, but it decreases sharply
with the installed capacity. This has two important implications.
Firstly, part of the potential cost savings from investing in heat
pumps and electric boilers can be obtained by using more
advanced operational strategies accounting for system uncertainty.
The implementation of the latter has much lower capital cost than
investing in new units. Secondly, the use of deterministic opera-
tional models should be avoided when making decisions on invest-
ment in heat pumps and electric boilers. Indeed, this may result in
an overestimation of the value of these units, and hence in a sub-
optimal decision on the capacity to be installed.

A series of sensitivity studies is presented using the stochastic
operational model in order to evaluate the impact of different tech-
nological and market parameters on the economic potential of heat
pumps and electric boilers. The investigated cases include reduc-
tion in HP and EB capacity, change in the coefficient of perfor-
mance for the heat pump as well as a decrease in power prices.
The results confirm that the considered parameters are of great
importance, as they show savings in the range between €0.9 M
and €4.1 M per year. The largest economic value is obtained in
the case of low electricity prices. This is of particular importance
as it is believed that the planned increase in the share of wind in
the Danish electricity production mix will result in lower power
prices. Hence, heat pumps and electric boilers could increase their
profitability in the future.

This work opens up a number of directions for future research.
One could extend the forecasting models for heat demand and
power prices including, e.g., wind power as an explanatory vari-
able. Furthermore, the stochastic programming model could be
upgraded to include additional market stages, e.g., capacity mar-
kets or the intra-day and the balancing markets for electricity.

Finally, the achievement of a fully renewable Danish energy
system will not be without a physical and economic transforma-
tion of the Danish energy sector [43]. Naturally, this will compel
us to update the economic valuation carried out in this paper
and revise the conclusions drawn from it as changes take place.
For example, electric batteries and electric vehicles could also play
an important role in the fully or predominantly renewable energy
systems of the future and as such, should be taken into account in
studies aimed at unveiling the evolution of the energy mix. For the
time being, though, electric storages are still under development,
very costly, and not commercially available in large sizes. Electric
cars are expected to be gradually introduced, but their contribution
to the system flexibility depends on the successful development
and implementation of smart-grid technologies that make it possi-
ble to schedule their charging according to the system conditions
(e.g., the electricity price) [44]. Likewise, the production and use
of hydrogen could also contribute to the large-scale integration
of fluctuating renewable energy sources in a longer term. Power
surplus from fluctuating renewables could be utilized to produce
and store hydrogen for later use for electricity generation or in
hydrogen-fueled vehicles. Much development within this area is,
however, still ongoing, and the required technology is not com-
mercially available yet, with important challenges regarding
costs-effectiveness and energy efficiency to be addressed. Heat
pumps and electric boilers in the district heating system are, on
the contrary, comparatively well-established technologies whose
operation is, besides, centrally optimized by a utility company on
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the basis of the variations of the electricity price. This justifies
the relevance of economic analyses such as the one conducted in
this paper.
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