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Abstract 
Denmark’ goal of being independent of fossil energy sources in 2050 puts 
forward great demands on all energy subsystems (electricity, heat, gas and trans-
port, etc.) to be operated in a holistic manner. The Danish experience and 
challenges of wind power integration and the development of district heating 
systems are summarized in this paper. How to optimally use the cross-sectoral 
flexibility by intelligent control (model predictive control-based) of the key 
coupling components in an integrated heat and power system including elec-
trical heat pumps in the demand side, and thermal storage applications in build-
ings is investigated. 
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1. Introduction 

As a leading wind power country, Denmark has achieved a record of 42.1% pe-
netration of wind power in 2015, setting a new world record; and the nation is 
well on its way to hitting its 2020 energy goals—50% of traditional electricity 
supply must come from wind power [1]. According to Danish government’s 
energy policy, Denmark is striving for complete independence from fossil fuels 
by 2050. In the electricity and heating sectors, fossil fuel phase-out is expected 

How to cite this paper: Zong, Y., Ahmed, 
A.M.A., Wang, J.W., You, S., Træholt, C. 
and Xiao, X.Y. (2017) Enhancing Wind 
Power Integration through Optimal Use of 
Flexibility in Multi-Carrier Energy Systems 
from the Danish Perspective. World Jour-
nal of Engineering and Technology, 5, 78-88. 
https://doi.org/10.4236/wjet.2017.54B009 
 
Received: June 27, 2017 
Accepted: October 9, 2017 
Published: October 12, 2017 

http://www.scirp.org/journal/wjet
https://doi.org/10.4236/wjet.2017.54B009
http://www.scirp.org
https://doi.org/10.4236/wjet.2017.54B009


Y. Zong et al. 
 

 

DOI: 10.4236/wjet.2017.54B009 79 World Journal of Engineering and Technology 
 

even earlier, and oil burners and coal must be phased out of power plants in 
Denmark no later than 2030 [2].  

Currently, market based power exchange with neighboring countries (such as 
Norway, Sweden and Germany) has played a major role in integrating Danish 
wind power, as Denmark can export or import electricity depending on its wind 
production levels. However, with increasing wind energy integration, more wind 
power production is sold during times of low or negative electricity prices on the 
Nord Pool Spot market [3]. In the future, this will happen more frequently and 
increase the need for balancing resources significantly. Serving the residual de-
mand will be very demanding and costly. The passive consequence is closing 
down wind turbines in more than 1,000 hours a year unless Denmark chooses an 
intelligent approach—Smart Energy System solution and various short-term and 
longer-term storages across the different energy sectors.  

Traditionally, the different energy subsystems, i.e., electricity, gas, district 
heating/cooling and hydrogen had relatively few interactions and were designed 
and operated independently of each other for the purpose of handling a single 
energy carrier. However, today, there is significant interest in exploring the syn-
ergies between energy networks (e.g. Power to gas energy storage and thermal 
stores providing demand response). Interactions take place through the conver-
sion of energy between different energy carriers and its storage in order to pro-
vide services and ensure that each is operated in an optimal way [4]. A smart 
energy system is a cost-effective, sustainable and secure energy system in which 
renewable energy production, infrastructures and consumption are integrated 
and coordinated through energy services, active users and enabling technologies 
(see Figure 1). This integration requires more flexibility in the entire energy sys-
tem while ensuring security of supply, and it will challenge the existing energy (elec-
tricity, heat, transportation and gas) infrastructure and its control systems with 
more complicated dynamics and uncertain problems [5]. 
 

 
Figure 1. Overview of a future Danish smart energy system [6]. The orange-grey cylind-
ers indicate technologies and subsystems with storage-alike cross-sectoral flexibility op-
tions. 
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In addition, there are a large number of combined heat and power (CHP) 
plants in its power system in Denmark. A very large portion of the Danish elec-
tricity production is connected to the district heating (DH) system. The strong 
integration of the electricity and heating sector brings both opportunities and 
challenges for wind integration. Regulation has been reshaped to reduce heat 
bound electricity generation in situations with high wind energy feed-in [7]. The 
DH systems are envisioned to become electricity consumers rather than produc-
ers in times of high wind power production for the Danish 2050 energy target, 
which is known as power-to-heat (P2H) solution.  

The goal of our research is to develop optimal control strategies that can coor-
dinate the utilization of the flexibility of the multi-energy system to address var-
ious wind power integration issues, such as power balancing and energy storage, etc. 
The focus will be on the interaction between the different energy sub-systems 
and the operational flexibility and constraints. This will include relevant dynam-
ic behavior of the networks (i.e. electricity distribution network and district 
heating network), the key technologies for P2H (i.e. heat pumps, CHP plants or 
demand response) and the spatial-temporal variability of and the correlation 
between the loads of each energy system. The main contribution of this work is 
to implement a low-complexity Model Predictive Control (MPC)-based optimal 
control strategy which is used for the low temperature DH systems to deeply 
harvesting the cross sectoral flexibility in single-family houses.  

The remainder of this paper is organized as follows: in Section 2, we present 
the definition of “flexibility” and the potential flexibility can be provided by 
buildings/houses that interact with the district heating system in Denmark. How 
to intelligently control the heating system in buildings is discussed in Section 3. 
A case study of demand side flexibility for the low temperature district heating is 
investigated in Section 4. Finally, conclusion and future research are given in 
Section 5.  

2. Flexibility and District Heating Systems  

The challenge of integrating a high share of wind power led the Danish institu-
tions and market participants to developing several flexibility options, including 
the use of interconnectors to other countries, increasing the flexibility of thermal 
power plants, making district heating more flexible, encouraging system friendly 
wind power, implementing demand side flexibility as well as introducing alter-
native options for procuring ancillary services [7] [8]. 

2.1. Cross-Sectoral Flexibility 

Flexibility is understood as the ability of a system to respond to variability and 
uncertainty at different time scales and different locations. In energy system 
operation and dispatch planning, flexibility is of importance and has a signifi-
cant commercial value. Options for introducing flexibility into the system are 
supply side flexibility, thermal storage flexibility, and demand side flexibility [9]. 
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Supply side flexibility is historically the dominant option and is relatively simple 
to manage with base load power sources. However, it is inherently limited by the 
use of intermittent renewable energy sources (RES), such as wind and solar 
power. 

Buildings are the largest energy consuming sector and account for almost 40% 
of society’s energy demand in Denmark [10]. The thermal mass of buildings is 
“for free” and can provide a very large possibility for flexibility. Therefore, 
buildings play a key role in the green transition and smart buildings can extend 
beyond the buildings themselves when they act as flexible components in diverse 
energy systems. To fulfill the 2050 energy target in Denmark, on one hand, 
buildings need to improve their energy efficiency; on the other hand, thermal 
capacity of the buildings can be used to become a flexible power consumer that 
can actively take part in the future energy systems with a high penetration of 
distributed energy resources (DER). In addition, flexibility at the demand side 
provides opportunities at the end user level to smooth out the peak demand which 
will have a major impact on system reliability and generation cost. The buildings 
as the end users interacting with the different energy carrier systems can provide 
flexibility such as:  

Demand-side flexibility: DER owners who can regulate the generation/demand 
at their premises are able to offer their flexibility by participating in various de-
mand response/demand-side management. On the demand side, electric boilers, 
heat pumps, load management by large industrial customers and other flexible 
consumption units can contribute to balancing the fluctuations of variable RES. 
The corresponding mechanisms include automated load control by system opera-
tors; smart grid and smart metering and various tariff schemes. Although de-
mand-side flexibility is relatively inexpensive, it requires verifiability of demand-side 
resources, aggregation schemes, and regulatory support etc. [8]. 

Thermal energy storage-enabled flexibility: The heating, ventilation and air-con- 
ditioning system of a building is used to keep the indoor climate within com-
fortable limits and there are many possibilities to introduce thermal energy sto-
rage. Some of the most widely used storage techniques today, such as domestic 
hot water tanks used together with solar collectors or boilers [11]. 

2.2. Modern District Heating Systems in Denmark 

Today, 63% of heating in private Danish houses is provided by DH—not only 
for space heating, but also for hot tap water [12]. DH is playing an important 
role in the Danish green and efficient integrated energy system. In recent years, 
around 50% of heat production is from renewables, with over 95% share from 
biomass [13]. Additionally, heat production from electricity, e.g. electric boilers 
and heat pumps (HP) are increasing. Moreover, the concept of 4th Generation 
DH (4GDH) is proposed in Denmark, which aims to reduce the heat loss through 
Low Temperature District Heating (LTDH) technology and increase the renewa-
ble energy penetration by acting as flexible loads of power system through CHP 
plants, HPs, heat storage, etc. 4GDH involves meeting the challenge of more 
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energy efficient buildings as well as being an integrated part of the operation of 
smart energy systems, i.e. integrated smart electricity, gas and thermal grids [14]. 

In DH, which covers 50% of the Danish heat demand, HPs are increasingly 
used in the coming years. This enables higher levels of wind energy to be used 
for thermal purposes, which contributes to the goal of 100% district heating to 
derive from renewable sources by 2035. HPs connect the electrical and thermal 
energy systems and increase flexibility in heat production from sustainable 
sources. On one hand, large heat pumps used in district heating plants can help 
to integrate excess renewable power into the thermal energy system. Electricity is 
difficult to store, so heat pumps should be used for thermal purses, when pro-
duction of electricity is abundant. Other sources of energy for thermal energy 
production, such as biomass and waste, are easier to store and can therefore be 
saved to times when less electricity is available and the electricity prices are high. 
By installing large HPs, the district heating plants help balance the electrical 
energy system. On the other side, buildings outside the thermal grid can also 
benefit from heat pumps. Small HPs can be used for individual buildings and 
larger pumps can supply heat to closely located buildings. By using HPs instead 
of other individual heating options, local air-pollution is avoided and the quality 
of life is improved. Moreover, HPs can be integrated with heat recovery and 
ventilation creating an improved indoor climate [15]. 

3. Intelligent Control for Buildings’ Heating 

The optimal operation of the district heating system can be obtained by use of 
intelligent control of the heating system of buildings. The intelligent control 
makes use of weather forecasts to calculate the need for heating in each room 
and this information is used to control the operation of the heating system. This 
is especially relevant for space heating installations, where a weather forecast 
based control of the inside air temperature can improve the indoor environment. 
In addition, the efficiency of the heating system improves, as the thermal capac-
ity of the concrete deck may be allowed to discharge before the occurrence of 
excess solar gain. The peak load for space heating may be reduced by use of 
higher thermal capacity of the building and by using space heating systems with 
a peak shaving control system. This may be realized in a simple way by use of a 
maximum flow controller. Alternatively, an intelligent control system based on 
24-h weather forecasts may be used to calculate the required need for space 
heating and to feed the individual rooms with the predicted energy for heating 
[14].  

In recent years, there are two main research trends in the advanced control for 
buildings: one is the machine learning based approaches such as fuzzy tech-
niques, genetic algorithms etc.; the other is the model based predictive control 
(MPC) [16]. The reasons why MPC is an efficient approach to manage the port-
folio of energy usage in buildings are [17] [18] [19] [20] [21]: 
• can take into account stochastic properties of random disturbance variables 

(e.g. weather forecast, occupancy profiles);  
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• is able to deal with variable energy price that can be easily included into the 
formulation of an optimization problem; 

• can handle minimization of the energy peaks and thus shift energy loads 
within certain time frame (beneficial because of both the possibility of tariff 
selection and lowering operational costs); 

• can be formulated in a distributed manner and thus the computational load 
can be split among several optimization solvers; 

• can utilize the thermal mass of a building in a better way compared to the 
conventional control strategies (e.g. Proportional-Integral-Differential (PID), 
weather compensated or rule based control).  

4. Case Study of Demand Side Flexibility for the Low  
Temperature District Heating 

Low Temperature District Heating (LTDH) system is defined as a system of dis-
trict heat supply network and its elements, consumer connections and in-house 
installations, which can operate in the range between 50˚C - 55˚C to 60˚C - 70˚C 
supply and 25˚C - 30˚C to 40˚C return temperatures and meet consumer de-
mands for thermal indoor comfort and domestic hot water [14]. To realize the 
LTDH concept for the 2050 energy target with 100% renewables, the network 
can be developed to be more energy efficient based on the optimal use of inte-
grated buildings’ thermal features. A novel heating system that can switch be-
tween electrical power and district heating for space heating and domestic hot 
water in residential buildings is designed at Power Lab DK—PowerFlex houses 
[22] for the on-going Energy Lab Nordhavn project [23]. It will focus on testing 
the fuel shift technology (switch between heating sources) with the purpose of 
providing ancillary services to the electrical grid.  

4.1. System Set-Up 

As shown in Figure 2, the heating system consists of an HP, a stratified hot wa-
ter tank as thermal energy storage (TES), the hot-water based radiators and the 
building (PowerFlexHouse3) mass. The DH substation is combined with an HP, 
where the HP is raising the district heating temperature (e.g. ultralow supply  
 

 
Figure 2. System set-up. 
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temperature of 40˚C) for the domestic hot water or space heating to a suitable 
level. The detailed control-oriented models of the individual components in the 
system can be found in [17] [18]. 

4.2. Control Strategy 

In order to utilize both storage capacities, i.e. the building mass and the hot wa-
ter tank, the MPC-based control strategy which is shown in Figure 3 solves two 
optimization problems sequentially for every sampling time within the predic-
tion horizon. The PowerFlexHouse3 (PFH3) optimization algorithm determines 
the hot water radiators’ output to supply PFH3 with the required heat demand. 
The second optimization algorithm is to optimize the HP electric power con-
sumption to set the tank temperature to the optimal temperature within the op-
erating boundaries. 

The objective function of the HP optimization is given by Equation (1): 
1
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where C is the electricity price vector for the prediction horizon N sampled 
every k period of time. Pel is the HP electric power consumption which is the 
manipulated input within the operational limits Pmin and Pmax. g (Pel) is a nonli-
near function which represents the temperature of the stored water for the each 
layer in the TES, and it is calculated using the stratified tank model [18]. Ts,min is 
the minimum stored temperature, in this study the boundary is optimized to meet 
 

 
Figure 3. Flowchart of the MPC-based control strategy. 
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the demand at a every certain time; this minimum value and it is calculated by 
utilizing the hot water radiator model in reference [18] to calculate the optimal 
Ts,min and it should be sufficient to meet the maximum required load in the 
house. Ts,max is the maximum boundary and set to 100ºC temperature to keep the 
water from being evaporated. 

4.3. Simulation Result 

The system is simulated for 5 days in winter by using day-ahead electricity price 
signals from the Nord Pool Spot market [24], which has a high negative correla-
tion with the wind power penetration [17] [19]; and weather forecast data is 
provided by the DTU Wind Division. Figure 4 shows the radiators’ optimal 
power consumption, the dynamic electricity price signal (bottom plot) and in-
door temperature (top plot); it is obvious that the radiators consumption is 
shifted to the low electricity price periods while the indoor temperature is con-
trolled within the comfort constraints (dotted lines). In Figure 5 the bottom plot 
shows the HP optimal electric power consumption shifted to the low price pe-
riods; and the temperature of the top layer in the TES (top plot), the lower red 
dotted curve is the optimal flow temperature calculated from the optimal heat  

 

 
Figure 4. Indoor temperature and optimal heaters’ output. 
 

 
Figure 5. Simulation results for the HP and TES. 
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output resulted from PFH3 for every sample time; we can observe that the tank 
top layer temperature is kept within these varying constraints, even though the 
maximum temperature in the tank is limited to the HP maximum flow temper-
ature of 55ºC. 

Table 1 shows a comparison among the energy costs of three cases: the tradi-
tional PI/PID reference case following the lower comfort boundary, the MPC-based 
control strategy working on the HP and the HP together with TES, connected 
directly to the PowerFlexHouse3, respectively. The savings are calculated based 
on the reference case for 10 days simulation [25]. The MPC-based control strat-
egy can achieve shifting the loads intelligently to the low price periods. When 
using the HP the savings jumped to 73.6% over the reference case, this signifi-
cant jump is mainly because of the HP principle of operation and its high energy 
efficiency. Although, the basic idea of incorporating the hot water tank was to 
add more flexibility to the system to keep the water temperature in an optimal 
value between the lower boundary and the upper boundary based on the elec-
tricity price, but only 7.9% more is saved when adding the hot water tank in the 
system, where the total saving is 81.5%. 

5. Conclusions 

The high penetration of wind power in Denmark has led to changes at all levels 
of the energy system, including the adaptation of energy markets, intelligent op-
erational control schemes, taxes, the arrangements for new system ancillary ser-
vices and integration with the heating sector, etc. The Danish experience of wind 
power integration and district heating technologies show that it is necessary to 
enhance system flexibility by a deep dive into implementing cross-sectoral flex-
ibility options. The results of the case studies illustrate that buildings play an 
important role interacting with multi-energy carrier networks by providing de-
mand side flexibility or thermal energy storage-enabled flexibility. The case stu-
dies in this paper also show that heat pumps can be considered as a very impor-
tant element of the future heating supply in Denmark due to their high efficien-
cy and one of the main coupling components for power-to-heat solutions. 

The future work will more focus on modeling the key coupling components 
(CHPs, HPs, electrical boilers, TESs, etc.) on a variety of time scales that not on-
ly represent well their operational principles as today but also allow for potential 
application in an integrated energy system level that can efficiently simulate the 
interactions across the energy sector under severe uncertainties, and develop-
ment of the novel optimal operation strategies to manage both the power and  
 
Table 1. Energy savings for different cases based on [18] and [25]. 

Study Cases Total Electricity Cost in 10 Days (Euro) Savings % 

Reference Case (PI/PID) 28.00 [25] - 

Case 1: MPC with HP and Buildings 7.39 [18] 73.6% 

Case 2: MPC with HP, TES and Buildings 5.19 [18] 81.5% 
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the heat systems for high penetration of renewables and promoting end-users 
interaction with the integrated energy systems.  
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