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Abstract—This paper analyzes the green potential of a newly
developed urban community, i.e., Nordhavn, in Copenhagen,
Denmark from a planning perspective, wherein the energy sector
of power, heat and transportation will be developed as an
integrated energy system solution. Based on an hour-by-hour
analysis wherein the generation and demand in each energy
sector are balanced, the analysis explains how different levels of
penetration of centralized heat pumps (HPs) and electric vehicles
(EVs) would influence the energy performance of this integrated
community energy system. The performance of the integrated
energy system is evaluated from the perspectives of annual fuel
consumption, electricity import, system cost and CO2 emission,
etc.

Keywords—EV smart charging; heat pump; integrated commu-
nity energy system; Nordhavn; renewable energy

I. INTRODUCTION

The adoption of renewable energy is increasing worldwide

in order to mitigate climate change, decrease CO2 emissions

and reduce dependence on fossil fuels [1–4]. Denmark has

a leading position in energy strategies and aims to build a

fossil fuel independent society with a high security of energy

supply by 2050 [5]. In order to target the 100% renewable

energy goal, different energy systems, i.e. power, heat and

transport, are required to be managed in an integrated way.

The connection among the energy systems could enhance

the system flexibility and enable a higher penetration of

renewables [6], [7].

Besides a high penetration of 40% wind power in Danish

electricity consumption, district heating (DH) is also playing

an important role in the current energy system, where around

50% of heat production is from renewables, with over 95%

share from biomass [8]. Combined heat and power (CHP)

plants are the main generation units in current Danish DH

system and can also provide flexibility to the power system.

Additionally, electrification of DH through centralized heat

pumps (HPs) can potentially increase the profits of DH op-

eration and the penetration level of renewables [9]. Moreover,

the concept of 4th Generation DH (4GDH) is proposed in

Denmark, which aims to reduce the heat loss through Low

Temperature DH (LTDH) and increase the renewable energy

penetration by acting as a flexible load of the power system

through CHP plants, HPs, heat storage, etc. [10].

The ambitious energy goal also entails the increasing share

of renewable energy in final energy consumptions. Especially,

a greater share of electric vehicles (EVs) is expected in Danish

transport sector [11]. Acting as a flexible load and storage

of the power system, EV can mitigate the fluctuation of

renewables [12]. Additionally, EV can act as a generation unit

through vehicle-to-grid (V2G) technology, which can provide

multiple ancillary services to the power system, e.g. frequency

regulation [13], [14]. Moreover, the EV users’ maximum

profit during the charging is studied with multiple charging

strategies [15], and congestion problem in distribution system

solved by V2G services is studied in [16]. Therefore, replacing

the fossil fuel by renewables in the transport system requires

not only economic incentives but also a well-designed plan of

the integrated community energy system [17].

Taking good care of the excess production of electricity

caused by wind power and CHP plants is another major

challenge encountered by Denmark. Danish wind power will

reach 50% of electricity consumption by 2020 and the high

fluctuation of wind will cause electricity export when demand

is low. Similarly, the electricity production by CHP may

exceed the power demand when heat generation is very high.

Though excess electricity may not lead to reliability problem

in current Danish power system when there are strong cross-

borders ties to neighbor countries, it will achieve less profit

and more CO2 emissions [18]. Therefore, technologies like

electrically driven HPs, are more and more recognized due to

their high efficiency and the potential of building a flexible

coupling between the heat system and the power system.

Copenhagen Nordhavn area is a demonstration of future

dense and integrated energy system [19]. It will be supplied

by LTDH and buildings will meet the Building Regulation

2020 (BR20) where the heat consumption for both space

heating (SH) and domestic hot water (DHW) is low [20]. In

addition, the 40 MW offshore wind farm, Middelgrunden, has

the potential to supply the electricity in Nordhavn area [21].

Moreover, EV charging stations are expected to be built in

center Nordhavn which could provide fast charging [22].

This paper aims to build a future energy solution for Nord-

havn area, with an integrated portfolio of biomass CHP plants,

wind power, electrically driven HPs and EVs, which would

meet the energy demand in electricity, heat and transport
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system. The main contribution is to provide a guideline for

an hourly integrated plan of a future renewable integrated

community energy system in Copenhagen, for pursuing the

ambitious energy goal, and to investigate the potential of

replacing the CHP plant with centralized HPs in future DH

system, and replacing the fossil fuel driven cars with EVs.

In the second part of this paper, the assumptions applied

to the modelling software EnergyPLAN are introduced. In

case studies, the system performance is evaluated with hourly

base for different HP and EV penetration levels, from the

perspectives of annual fuel consumption, electricity import,

system cost and CO2 emissions.

II. ALGORITHM

A. Data assumptions

The EnergyPLAN software is chosen to study the Nordhavn

energy system in this paper. It is a simulation tool that can

apply the modelling of an integrated electrical power, heat and

transport system in a regional and national level. The analysis

of energy balance can be carried out hourly and annually from

both technical and economic aspects. The inputs of the model

are described as below.

1) Demand overview: Heat demand in Nordhavn area is

supplied with DH and predicted by assuming all buildings

will tend to comply with the BR20 requirement in the fu-

ture, therefore a yearly need of 20kWh/m2 for DHW and

3kWh/m2 for SH is expected [20]. The total Nordhavn floor

area is expected to be 776000m2 including Marmormolen,

Århusgadekvarteret, Sundmolen, Trælastholmen and Levantkaj

Vest neighborhoods [23]. Henceforth, the predicted annual

heat demand is around DMht = 18GWh. Additionally, the

annual electricity demand is predicted to be around twice of

the heat demand, DMele = 35GWh [23]. The transport de-

mand DMtran is predicted according to the number of private

cars. Since around 40% of the 10000 residents and employees

in Nordhavn are expected to drive 10000km per year, the total

transport demand with all petrol and EV cars is expected to

be 25GWh/year and 6GWh/year, respectively [24–26].

2) Demand distribution profiles prediction: The hourly

distribution of heat consumption is collected from [27], which

is a combination of hourly SH and DHW profiles. The hourly

distribution of electricity consumption in Nordhavn, Dele, is

an area aggregation of commercial, residential and school load

profiles in all neighborhoods [28],

Dele =
3∑

j=1

5∑

i=1

(pj ·Ai,j) (1)

where, pj is the hourly power distribution of load type j,

which is one of the residential load (multi-family apartments),

commercial load (restaurants and offices) and school load

type. Ai,j is the area of load type j in each neighborhood

i. The hourly driving pattern DEV of private cars is collected

from travel schedule of Department of Transport, UK [29] and

assumed to be the same as the Danish transport demand.

Fig. 1. Demand distribution of one week

Therefore, the predicted hourly demand distribution of heat,

electricity and transport for one typical week (Monday to

Sunday) is shown in Fig. 1. It shows the hourly probability

distribution of the demand over a year for one week. It indi-

cates that the power profile is a combination of commercial,

residential and school load during the weekday, where the peak

demand spreads over the morning and evening period. While

at the weekend, the power profile is dominated by residential

load where peak demand occurs during the evening. The heat

profile includes peaks in the morning and evening when the

DHW demand is high for showering and cooking. For the

transport demand, also peaks occur in the morning and evening

of the weekdays, representing the rush hours when people

drive to work and back to home.

3) External power grid: It is assumed that the heat demand

in Nordhavn area is only supplied by the local CHP plant

while the electricity demand is satisfied by both CHP and

the external power grid. The fuel distribution of the import

electricity is determined and assumed as the one for Danish

power system, which is shown in Fig. 2 (data from [30],

[31]). Accordingly, the CO2 emission from the external grid

is included to evaluate the whole system emission but not

included in the emission cost.

4) EV smart charging profile: The NEV number of EVs

is assumed to have a total battery capacity of Ebat = 30 ·
NEV kWh, with a maximum charging power of Pchargmax =
3.7 · NEV kW (with 16A, 230V connection) [32]. The smart

charging of EVs aims to minimize the consumers’ cost of EV

charging given the electricity price and driving pattern, with

a planning duration of one day,

min

N∑

k=1

Pch,k ·Qk · EVchargp,k (2)

where, at hour k, Pch,k is the aggregated charging power of

EVs, Qk is the electricity price collected from ELSPOT day-

head market in NordPool, N is the number of hours of one day.

The EV aggregated charging probability EVchargp,k is related

to EV driving pattern, DEV,k, which is the probability of cars

that are used for driving shown in Fig. 1. It can be obtained
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Fig. 2. External power grid (a) Fuel distribution of conventional power plants
(b) Fuel distribution of electricity generation

with the following equation by assuming that all parked EVs

are connected to charging stations at hour k:

EVchargp,k = 1− DEV,k

max(DEV )
(3)

The constraints of the optimization problem are expressed

as below:

Pch,k · EVchargp,k ≤ Pchargmax

Emin − Eini ≤
N∑

k=1

(Pch,k · EVchargp,k · ηch
−EVdrive,k · η2ch)

N∑
k=1

(Pch,k · EVchargp,k · ηch − EVdrive,k · η2ch)
≤ Emax − Eini

Pch,k · EVchargp,k ≥ 0

(4)

where, Eini is the initial energy of the battery at the beginning

of one day, Emin = 0.1 · Ebat and Emax = 0.9 · Ebat are

the minimum and maximum operational energy of the battery,

respectively, EVdrive is the driving power from grid side and

ηch = 0.9 is the EV charging and discharging efficiency. The

battery energy is updated with Eq. (5), every 24 hours after the

optimization. Then the optimized charging of EV for the next

day, m + 1, is implemented again following Eq. (2), Eq. (3)

and Eq. (4).

Eini,m+1 = Eini,m +

N∑

k=1

(Pch,k · EVchargp,k

− EVdrive,k · ηch) · ηch (5)

The optimization results of hourly discrete EV charging

profile, together with driving profile and price signals of one

day are shown in Fig. 3. The dashed lines indicate the trend of

variation. The results show that the EV charging periods are

typically during 0h-6h, 13-14h and 22h-24h when the driving

power is low and the charging probability is high. Additionally,

EV charging also locates in the low electricity price period for

minimizing the charging payment of customers, e.g. 0-6h and

12-14h.

B. Cost functions

The total annual cost of the integrated energy system

Ctot, includes the investment cost CI , fixed operation and

maintenance (OM) cost COM and variable cost CV of Ngen

Fig. 3. EV charging, driving pattern and price signal of one day

number of generation units, fuel cost CF and CO2 emission

cost CCO2 of Mfl number of fuels, and external grid cost

CEG during K hours of a year, where the investment cost is

expressed as below,

CI,i =
Pi · ai · in

1− (1 + in)−n
(6)

where, Pi is the installation capacity of the generation unit i,
ai is the investment cost coefficient, in = 0.03 is the interest

rate and n is the lifetime of investment. Additionally, COM,i =
CI,i · bi, where bi is the OM cost coefficient. CV,i = ELi · gi,
where ELi is the electrical energy generation and gi is the

variable cost coefficient. CF,j = Ej · cj , where Ej is the total

energy consumption of fuel type j and cj is the fuel cost

coefficient. CCO2,j = EMj · dj , where EMj is the local CO2

emission of fuel type j and dj is the emission cost coefficient.

CEG,k = Pe,k ·ek, where Pe,k is the power export to (negative

value) or import from the external grid (positive value), ek is

the electricity price of the external grid at hour k.

Therefore, the total annual cost of the integrated community

energy system can be represented as,

Ctot =

Ngen∑

i=1

(CI,i + COM,i + CV,i) +

Mfl∑

j=1

(CF,j + CCO2,j)

+
K∑

k=1

CEG,k (7)

The values assigned to the parameters are collected

from [33], which is a prediction of year 2020 shown in

TABLE I and TABLE II.

C. The integrated energy system model in EnergyPLAN

Based on the inputs introduced above, the hourly planning

of the integrated energy system for a whole year will be

developed, where the power, heat and transport demand will

be balanced with different generation units for each hour.

TABLE I
PARAMETERS FOR COST FUNCTION

Generation type ai[kEUR/kW] bi[%] gi[EUR/MWh]
CHP 1.2 3.75 2.7
HP 3.43 2 0.27
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TABLE II
PARAMETERS FOR FUEL CONSUMPTION

Parameters Biomass Petrol Coal Natural gas
cj [EUR/GJ] 7.3 16.1 — —

CO2 emission [kg/GWh] 0 74 95 56.7

Typically, at hour k, the electrical and heat power balancing

equations for the integrated energy system are shown as,

Ngen∑
i=1

Pele,i,k + Pe,k = Dele,k ·DMele +DEV,k ·DMtran

Ngen∑
i=1

Pht,i,k = Dht,k ·DMht

0 ≤ |Pele,i,k| ≤ Pi

Pht,i,k = ηpth,i · Pele,i,k

(8)

where, Pele,i and Pht,i are the electrical and heat power

generation of local generation unit i, respectively. ηpth,i is the

efficiency of power to heat conversion of generation unit i.
Additionally, for generation unit like HPs, Pele,i,k is negative

for being an electrically driven heat production unit.

Moreover, for each hour k, the fuel consumption Ek,j of

fuel type j, is evaluated by considering both the local and

external energy system, namely,

Ek,j =
J∑
j

(
Pele,k,j

ηele,j
+

Pe,k,j

ηext,j
),

j ∈ {biomass, coal, oil, natural gas}
(9)

where, ηele,j and ηext,j are the energy efficiency of local

and external power grid, respectively. In this paper, ηext,j is

following the proportion shown in Fig. 2.

In this paper, the regulation strategy implemented in Ener-

gyPLAN is to meet the heat demand firstly, since the CHP

plant and HP are assumed to be the only heat generation units

in local Nordhavn area and no storage or external system is

used for balancing the heat system. The production priority

is assumed as fully use of the heat capacity of CHP plants

first, then the one for HPs [34]. The planning results will be

evaluated based on the annual fuel consumption, electricity

import, systems cost and CO2 emission.

III. CASE STUDIES

A. System configurations

The configuration of the integrated community energy sys-

tem in Nordhavn implemented is shown in Fig. 4. It illustrates

that the system is a combination of power, heat and transport,

where the generation units are local CHP and HPs, the primary

energy is from both fossil fuel and renewables. Typically, the

energy connection units among the integrated energy system

are CHP which satisfies both of the power and heat demand,

HP which consumes electricity to generate heat and EV

charging stations which utilize electricity to satisfy driving

demand. The DH system has a heat loss of 15%, the power

and heat efficiency of the biomass CHP is 29% and 64%,

respectively, and the HP’s coefficient of performance (COP)

is 3 [35].

0  10 90 10020 30 40 50 60 70 80
0

1

2

3

4

5

6

CHP
HP

Fig. 5. CHP and HP power capacity with HP penetrations

B. Case 1: DH penetrated with CHP and HPs

In this case, the transport demand is only penetrated with

petrol fueled cars. Additionally, CHP and centralized HPs are

operated for meeting the power and heat demand. Different

percentages of heat demand supplied by HPs are fulfilled by

regulating the power capacity of CHP and HPs as shown in

Fig. 5, where the total heat capacity is the same.

The results of annual fuel consumption, electricity import,

systems cost and CO2 emission with different HP penetrations

are shown in Fig. 6 and Fig. 7, respectively. It shows that,

with a higher HP penetration, since the local CHP cannot

satisfy the heat demand, a greater electricity import is needed

to drive the HPs to produce heat. Consequently, the share of

wind and solar power from the external grid is increasing,

with a constant COP of the HPs, the electricity import has a

linear increasing performance. Additionally, the efficiency of

electricity production from biomass CHP is only 29% while

the one from biomass and fossil fuels in the external grid is

56%. Therefore, with a constant proportion of fuel distribution

in the external grid, the fuel consumption of biomass and fossil

fuels is decreasing with a linear behavior. However, the annual

cost increases up to 4527 kEUR when HP penetration is 10%,

then drops lower than the one with 100% CHP generation

when HP penetration is more than 90%. The reason is that

when the HP penetration increases, there is a trade off between

the electricity trading in the external grid, fixed and variable

cost of HP and CHP plant, and the fuel cost.

C. Case 2: CHP penetrated with HPs and EVs

In case 2, the transport demand from petrol fueled cars is

replaced by EVs in order to reduce the fossil fuel consumption.

Therefore, the annual fuel consumption, electricity import,

system cost and CO2 emissions with transport demand satisfied

by different EV penetrations and different HP penetrations, are

shown in Fig. 8 and Fig. 9, respectively.

Fig. 8 illustrates that with an increasing EV penetration from

0% to 100%, the annual fuel consumption of biomass and

fossil fuel has a linear decreasing. This is due to the higher

efficiency of electricity production and the higher share of

renewable in the external grid as stated before. Additionally, a

higher penetration of EV requires a higher electricity import
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Fig. 4. Configuration of integrated community energy system in Nordhavn
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Fig. 6. Annual fuel consumption and electricity import with HP penetrations

Fig. 7. Annual systems cost and CO2 emission with HP penetrations

since the CHP capacity can hardly satisfy the demand in the

power system with EV integration.

Additionally, as shown in Fig. 9, the annual cost is decreas-

ing with a higher EV penetration. This is due to the investment

cost of traditional and EV cars are not included in this study.

Therefore, a higher EV penetration leads to a higher amount

of electricity energy trade in the electricity market, a lower

fuel cost and CO2 emission cost, and in total a lower annual

cost. Similarly, the increasing share of renewables in the total

fuel consumption results in a lower CO2 emission, when the

EV penetration increases.

Fig. 10 shows the normalized values of the four perfor-

mances compared with the current system without EV or HP.
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Fig. 8. With PV and EV penetration (a) annual fuel consumption (b) annual
electricity import
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Fig. 9. With PV and EV penetration (a) annual system cost (b) annual CO2

emission

It indicates that only with 0% HP and 100% EV, the system

will result in a lower annual cost, CO2 emission and fuel

consumption compared with the current system.

IV. CONCLUSIONS

In this paper, an integrated community energy system of

power, heat and transport systems in Copenhagen Nordhavn

area, is modelled in EnergyPLAN. Results derived from an

hourly based simulation of the system with varying penetration

levels of HPs and EVs indicate a large potential to pursue the

Danish goal of 100% renewable energy system. One of the

indicator is by having electrically driven HPs in the Nordhavn

system, the wind power penetration in the external grid could

be greater and the energy efficiency of power and heat system
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Fig. 10. Comparison of different EV and HP penetrations

could be improved. A high penetration of more than 90% of

HPs has the potential of achieving lower annual cost than the

current system.

Additionally, the connection between the power system and

transport system by means of EVs may contribute to both a

higher penetration of renewables and a profitable solution. One

of the prerequisites of achieving such an outcome is to have

smart charging, which minimizes the charging cost of EVs.

Together with the tax reduction policy for EVs in Denmark, the

integration of EVs in transport system may play an important

role in the future integrated community energy system.

For the future work, the proportion of fuel types imported

from the external grid could be considered as non-constant in

order to increase the accuracy of modeling. Also, the impact

of V2G technology on the smart charging strategy is worthy

of study. At the implementation stage, the influence of a

higher penetration of EVs on frequency and voltage of the

distribution system and a higher penetration of heat pumps on

DH networks shall be considered.
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