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Abstract 
 
In order to comply with the new guidelines stated by the European commission that the future built 
environment needs to operate energy neutral, the to be realised Brainport smart district is desig-
nated to act as an exemplary district. The district will need to generate on-site the same amount of 
energy as it consumes and will be fully gas-less. The renewable energy sources that have to provide 
the energy will inevitable create an energy mismatch between generation and consumption. This re-
port is aimed to find an answer what energy system will manage this the most appropriate according 
to the energy matching performance indices: energy import/export, on-site energy matching and 
fraction, and maximum power import/export. 

The energy demand used in this report is based on generic building typologies derived from litera-
ture. The user behaviour is based on statistics and research of the energy behaviour of the Dutch 
population. Also the technical possibilities of energy systems are compared and analysed leading to 
two final district solutions: an individual system, where the building manage their own heating and 
cooling supply with an air-source heat pump, and a collective heating solution where a solar district 
heating and cooling system manages the heat distribution. Both systems have the option to use a 
battery storage system. 

The energy system designs are simulated with a numerical computer model created and run in the 
MATLAB-Simulink environment. The model is verified based on data from manufactures, theory, and 
scientific papers describing system components such as the pit storage and the DHC network. The 
results of the simulations are expressed in the on-site energy matching and fraction performance in-
dicator, representing the cover ratio of generation and loadings respectively. Also the annual 
cumulation of energy in the form of electricity import and export is compared, and the maximum 
peak and valley of power. The results are divided into cases which represent different battery config-
urations. The base-case is also used to test the possibility of power-to-heat flexibility of both 
systems. 

The results show that the collective system performs better on most of the energy matching indices. 
This is mainly due to the low electricity consumption of the DHC, which in turn requires less PV-gen-
eration and a smaller power fluctuations on a daily and seasonal time period. Every system is 
simulated in four configurations. With and without power-to-heat flexibility and with a small and 
larger battery storage system. It appears that the configurations with battery storage perform signifi-
cantly better than the ones without. The configuration with the small battery performs only slightly 
less than the large variant, from an effectiveness point of view this system would be the one recom-
mended. Therefore is the collective energy system with small battery storage the most satisfying 
solution for Brainport smart district. 
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Nomenclature 
 

A surface area m2 
C capacity kWh 
c Specific heat capacity J/kg*K 
E Electric energy kWh 
J objective function - 
ṁ mass flow kg/s 
P power kW 
T absolute temperature K 
t time s 
Q Thermal energy kWh 
V volume m3 
   
Greek symbols   
η efficiency - 
θ temperature °C 
λ thermal conductivity  W/m*K 
ρ specific density kg/m3 
τ temporal flexibility - 
Φ Thermal energy flux kW 
   
Subscripts   
↓ Delayed flexibility  
↑ Forced flexibility  
dem Energy demand  
max Maximum  
min Minimum  
loss Energy loss  
res Renewable energy source  
ret Return flow  
sup Supply flow  

 

Abbreviations 
 

ASHP Air-source heat pump 
BPS Building performance simulation 
CHP Combined heat and power 
COP Coefficient of performance 
DG Distributed generation 
DHC District heating and cooling 
DHW Domestic hot water 
DSM Demand-side management 
ESS Energy storage system 
GHG Greenhouse gasses 
HP Heat pump 
NZEC Net zero energy community 
OEF On-site energy fraction 
OEM On-site energy matching 
PMIC Power management integrated circuit 
PV Photovoltaic 
RES Renewable energy sources 
STESS Seasonal thermal energy storage system 
TES Thermal energy storage 
VRE(S) Variable renewable energy sources 
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1 Introduction 
 

 Background 
 
The utilisation of intermittent on-site renewable energy sources (such as solar and wind) in a low-
energy building leads to a mismatch barrier between on-site renewable energy production and the 
local building load. The legislation by the European Parliament regulates that all new buildings built 
from 2021 should be nearly zero-energy buildings (NZEB) [1]. This challenging legislation makes the 
mismatch barrier much more severe than ever before. In order to meet the objective of NZEB from 
an annual point of view, the on-site renewable energy systems must be significantly enhanced to re-
duce or compensate the energy imported from the grid. Taking the on-site photovoltaic (PV) with 
electrical grid feed-in as an example, a significant amount of energy should be exported to the grid in 
the summer time to balance the energy imported in the winter time, as shown in a brief example of 
Fig. 1-1.  

 

Fig. 1-1 Mismatch profile that will occur with on-site PV generation in a NZEC configuration [2]. 

 
A new residential area in the city of Helmond is to be realised in the near future. In the preliminary 
development report a vision is given on the subject of energy management: “The vision for smart 
district in Brandevoort is to become a zero energy city (ZEC) by incorporating concepts like energy 
sharing, energy storage and community based energy grid” [3]. A zero energy city in this case means 
a net zero energy district, and implies that power and heat are provided by on-site renewable energy 
sources. This will create an inevitable mismatch between the supply and demand of energy, creating 
a need for energy storage and energy sharing. The mismatch can exist on a daily basis, for example 
the day and night cycle involving solar energy, or seasonal: the winter and summer cycle. Storing en-
ergy, especially electric power is expensive and should be applied according to a well-defined cost 
and/or energy strategy. A promising method of energy management is energy flexibility in the built 
environment. The objective is to make use of passive-, or existing applications to reduce the ener-
getic inequalities, making it therefore a cost effective solution.  
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Fig 1-2: Application of energy grids as presented by the preliminary booklet of Brandevoort II [3] 
 

 
In this report the optimization of energy sharing and complementing energy demands will be subject 
of research. This means that the specifications of buildings and user behaviour will be subject of 
study and the effects they bring relating to a district energy grid. For example, the behaviour of the 
buildings occupants relative to the gains from the renewable energy sources during the day deter-
mines the specifications for the district energy grid and buildings can be specified in a way they are 
better equipped to render energy flexibility. 
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 Problem definition 
 
In order to maintain energy security and decrease the emission of greenhouse gasses in the near and 
far future, a case study district is created in the city of Helmond to serve as a demonstrator project 
as example for the future built environment. The energy requirements are therefore very strict and 
are aimed to be future proof, demanding to have minimal impact on its surrounding and forcing the 
district to provide on-site energy generation. The current way energy is generated and supplied is 
not able to provide an efficient and financial attractive solution to meet these requirements and new 
ideas are necessary to evolve energy management in the built environment. 

 

 Research questions 

 Main research question 

In order to come to a solution to the previously stated research problem, a main research question is 
formulated. For this research report the question is defined as following: 

Could a district energy system provide a cost-effective solution for the district case 
“Brandevoort II”, in respect to the objectives of carbon neutral community and maximization 
of on-site renewable energy source self-consumption? 

 Partial research questions 

In order to provide more insight for answering the main research question, a set of partial research 
questions is formulated. They are defined as following: 

1. What does the energy demand profile of the proposed case district look like, and how does it 
 compare to renewable energy source generation? 

2. What district level energy system solution provides the most potential on the aspect of 
 building energy  exchange and energy flexibility? 

3. To what extend does short- and long term energy storage improve the performance of an 
 energy system in respect to self-consumption of renewable energy sources? 
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 Project methodology 
 
The project methodology describes the succeeding steps in the research process that need to be fol-
lowed to provide a satisfactory answer to the research questions. Each section below describes the 
purpose of the tasks within the research phase, the duration, and notes a product objective. 

 Literature research  

In order to understand the context of the research, a literature review on the subject of energy de-
mand and management is performed. This provides the necessary information on energy demand, 
on-site generation, and how energy systems work. Data on previously realized projects relevant to 
our case study, should give an indication how different concepts perform. Additionally fundamental 
theory on energy systems is consulted in order to create a numerical computer model.  
Product: A literature review on energy systems. 

 System design 

Based on the information that is attained from the literature review, a pre-calculation is made to as-
sess performance indicators relevant to an energy district system. These indicators include building 
energy demand in the form of both electricity and thermal energy. Also the energy generation pro-
files of renewable energy sources are assessed and compared with the demand to get an indication 
on the quantity of energy mismatch, and on the time interval these fluctuations occur. This provides 
an insight in where the bottlenecks of the system will be, and what potential solutions could be 
used. The heating and cooling demand of the district buildings will be computed by a building perfor-
mance simulation on the building typologies of the case district. The power consumption and 
generation will be used from imported data sets.  
Product: A system design of multiple energy systems that are feasible for the case district. 

 Computational model development 

The next step consists of the development and verification of a computational model used to study 
the performance of the selected energy system solutions. The research method of computational 
modelling is used because it is able to assess mathematical problems that have to deal with multiple 
variables. Validation of the model has to be performed on an informal method, in this case based on 
data derived from literature, since there are no direct measurements of our case district possible. 
The accuracy of the model, and therefore the results, depend on the quality of the used validation 
methods. Therefore a lot of emphasis has to be put on this process.  
Product: A verified and validated computational model that is within a desired resolution and able to 
provide a solution with sufficient accuracy. 
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 Simulation of energy system 

When the model is within the desired accuracy range, it can be used to test the energy systems, de-
fined in the literature- and model research. This is done by performing a sensitivity analysis on a 
selection of parameters which are critical for the performance of the system, in respect to the en-
ergy exchange and energy flexibility between buildings and applications. These aspects form the 
performance indicators of the system design. They will be responsible for the maximization of the 
self-consumption within the energy grid. On the basis of the sensitivity analysis, a solution is as-
sessed by searching the optimal composition of variables and systems. Subsequently, the solutions 
are compared on the financial aspect, to determine whether the solution is feasible for the case dis-
trict. 
Product: preliminary results from the sensitivity analysis and final results after optimization of se-
lected variables.  
 

 Chapter description 
 
The report is divided into 5 chapters, each chapter will treat a new aspect of the research trajectory.  
First off, in chapter 2 the literature review will explain the background information theoretical as-
pects such as the on-site energy matching. Another subject of the literature review is the energy 
demand of the district, and user behaviour that will later be used for the building performance simu-
lations. 

Chapter 3 describes the specific objectives of the case study Brainport smart-district. The case study 
prescribes the energy objectives which this research project has to satisfy. The chapter proceeds 
with in the second section with the description of the building typologies that have been used to 
model the district, how they are verified, and their energy performance. The last sections show the 
final specifications of both energy system solutions. 

The method of computational modelling of the defined energy systems is described in Chapter 4. For 
both systems the model structures is given, how the data is processed. Furthermore for both sys-
tems the components are explained, how they are programmed with what input parameters and 
functions. The chapter finishes with a verification of both computational models. 

Chapter 5 concludes the report with the simulation results. Initially the system’s performance are 
analysed on the energy matching performance in between the cases. After that comes a side-by-side 
comparison of the solutions.   

Following the results comes Chapter 6, 7, and 8 with the discussion, conclusion and recommenda-
tion respectively.  
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2 Literature review 
 
The literature review aims to acquire knowledge underlying the subject of district energy demand, 
generation and thermal and electric systems. The first section describes the context of the case 
study, the objectives and requirements on the energy aspect. 

 Case study Brandevoort II 

 Case study description 

In the next upcoming years a new district is to be developed with the aspiration to excel on the se-
lected aspects: energy management, health, waste water & material, and mobility.  The objective of 
the district is to be the smartest district in the Netherlands, and to act as a demonstrator project for 
future cities. The term of smart city is defined by the university’s research group as an ‘intuitive to 
use district that uses measures such as innovative services and technologies, or reorganization of in-
frastructure, services, or society structure to achieve an improved quality of life and wellbeing of 
individual and society, while reaching for a more sustainable world’. To become a smart district of 
the highest level, new technologies are developed and applied from all types of stakeholders. In or-
der to study the effectiveness of these innovations, the district will be used as a living lab, being 
monitored while in use to validate if the theory is in line with the practice.  

 

 

 

Fig 2-1: Overview of district Brandevoort II according to the preliminary report, top right: TES, bottom right: solar lanes. 

 
The district as shown in Fig 2-1 will consist of 1800 dwellings, divided into multiple types of houses 
and apartments. Besides residential buildings there will be a number of utility buildings, among 
which: offices, and a secondary school. For the energy them the preliminary research report de-
scribes ideas such as thermal energy storage and roads with renewable energy source dedicated 
spaces as is shown right-side of Fig 2-1.  
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 District energy objectives 

The preliminary objectives for the energy theme are described in the booklet developed by the TU/e 
research group as following:  

 The district will be a net-zero energy community connected to the grid. 

The energy performance of a net-zero community can be accounted for in several ways [4]. The 
most common one used is Net-zero site energy which definition is stated as following: Net-Zero Site 
Energy: As much renewable energy is produced in the community for buildings and infrastructure as 
is needed by buildings and infrastructure in a year when accounted for at the site. For transporta-
tion, site energy needs would be based on a calculated or measured vehicle miles travelled by 
community occupants regardless of whether they filled up their gas tank in the community or out-
side the boundary. As stated earlier, the definition allows for fuel switching so excess renewable 
electricity generation can offset various fossil fuel use.  

 It will be gas independent 

The use of natural gas is ruled out within the district. Common uses of natural gas such as heating 
and cooking are to be provided by electric sources instead.  

 It will support electric vehicles 

Electric vehicles are becoming more common in the near future. They provide a possibility for en-
ergy flexibility in the sense of demand-side management for the renewable energy sources.  

 The energy will be shared between residents 

Energy sharing between residents, buildings and appliances can be achieved in multiple ways. The 
mismatch of power supply between renewable energy sources and demand by users can be ex-
changed over a local power grid first, before it gets send to the national power grid. A second 
possibility is the exchange of thermal energy between building dictated by cooling demand and 
those who mainly have heating demand.  

 The microgrid of the district will strive to support the national grid to integrate renewable 
 energy. 

Like in previously stated, technologies such as power-to-heat flexibility, demand-side management, 
and energy exchange will manage to minimize energy flows to the national grid. 

 Local microgrid for energy management – incentivizing 

A local energy grid decouples the local nodes from the main power grid, this can decrease the loads 
to and from the net. This can beneficially decrease energy costs. 

 The data collected about energy consumption will be used to increase self-reliability.  

Data collected from the local networks can be used to better predict where energy shortages or sur-
pluses will occur and smart controllers are able to anticipate these problems and improve overall 
efficiencies. 
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 District on-site energy matching 
 
Energy matching of renewable energy sources is an important performance indicator for energy sys-
tems because one of the main challenges is to manage the mismatch of the generation and 
consumption of power. This mismatch can lead to instability on the power grid, and overload and a 
power shortage. The objective is to maximize the energy matching. There are multiple methods to 
maximize the on-site energy matching. By introducing energy flexibility the generation and load can 
be delayed or forced. This is done by using a storage medium such as chemical storage in the form of 
batteries or by converting electricity to heat and then storing that heat in a TES. A third option is to 
use demand-side management (DSM) with a strategic use of application loads such as building appli-
cation or charging of electric vehicles. 

 On-site energy matching indices 

In order to meet EU objective of nearly zero-energy building, mismatch problem is an inevitable side 
effect, which requires suitable criteria to quantitatively evaluate the problem. There are two com-
monly used basic indices for matching analysis: on-site energy fraction (OEF) and on-site energy 
matching (OEM). OEF indicates the proportion of the load covered by the on-site generated energy, 
while OEM indicates the proportion of the on-site generated energy that is used in the load rather 
than being dumped or exported. However, with rapid development of energy technology, matching 
problems become more complicated when a system involves different energy forms, energy conver-
sions, storages, and hybrid grid connections. In order to meet these challenges, six matching indices 
are defined based on the extension of the two basic indices. Four examples at one time-step are pre-
sented for the usage of these extended indices’ equations. Furthermore, in order to evaluate the 
applicability of these extended indices in a dynamic simulation process, the hourly and daily match-
ing situations of one Finnish single-family house with hybrid grid connections are simulated for one 
summer’s day. It shows that the extended matching indices are powerful tools for assessing the 
matching situation of increasingly complicated on-site energy systems [2]. 

 

Fig. 2-2 The generation and load curves representing the district [2]. 
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 Energy flexibility 

Energy flexibility is term used to describe the ability to delay or force a system to operate. It can be 
divided into forced energy flexibility and delayed energy flexibility. A well-known example of this 
principle is an energy storage system which is able to save excess energy creating a forced load. 
Which is then later released as delayed energy generation. Besides the use of renewable energy 
sources, is energy flexibility the other factor that brings down the energy flows to and from the na-
tional grid. Energy flexibility can be created by electric or thermal energy storage, smart appliances 
such as charging strategies in electric cars, or power-to-heat conversion.  

2.2.2.1 Power-to-heat flexibility 

In order to maximize the energy flexibility, a battery storage system can be used. Batteries can only 
hold electrical power for short periods of time (≤ 1 day), because holding it longer renders the ESS 
fiscally unprofitable. For longer periods technologies such as power-to-gas (methane, hydrogen) 
could be a solution, but this technology is still in an experimental phase. Thermal storage can hap-
pen on a diurnal or seasonal basis. A small short-term storage vessel can decouple the heat 
generation and consumption. 

 

 Energy demand and user behaviour 

 User behaviour in residential buildings 

User behaviour for energy demand in residential buildings is a complex subject that impacts building 
performance significantly. Both heating- and domestic hot water demand vary with every house-
hold, therefore it is necessary to classify the behaviour into common groups with specific 
characteristics. These characteristics are derived from research on this topic. 

2.3.1.1 Heating behaviour patterns 

The Dutch heating demand behaviour has been categorised into the six most common patterns, rep-
resenting 95% of the Dutch household stock [5]. These heating patterns are shown in Table 2-1, with 
the heating setpoints and commonality. According to the same source, the first two patterns are the 
most common overall but  

Table 2-1 Most common heating patterns of residential buildings [5]. 

Pattern Characteristics Share 

1 Standard night time 16°C; daytime 19°C; evening 20°C 48% 
2 Low - morning peak night and daytime 15°C; evening 18-19°C 19% 
3 Very low - morning peak night time 10-12°C  ; evening 14-16°C 6% 
4 High temperature night time 19°C; daytime 21°C 8% 
5 High amplitude night time 10°C; daytime-evening 17-20°C 6% 
6 Incidental heating Standard setting 5°C 8% 

 
In Table 2-2 a few  is shown that patterns number 5 and 6 are only used in buildings with low energy 
performance in order to minimize heating costs. And patterns 1 and 2 are more common in buildings 
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with high performance. Also pattern 3 is less applicable in energy neutral housing, because tempera-
tures will not fall as low overnight as described in Table 2-1.  

Table 2-2 Heating pattern in comparison to building energy label [5]. 

Pattern AB C D E F G  

1 Standard 18% 22% 17% 16% 15% 12% 100% 
2 Low - morning peak 16% 22% 18% 16% 16% 12% 100% 
3 Very low - morning peak 13% 20% 17% 13% 20% 16% 100% 
4 High temperature 10% 20% 18% 10% 23% 18% 100% 
5 High amplitude 4% 10% 10% 10% 21% 45% 100% 
6 Incidental heating 13% 19% 13% 8% 18% 28% 100% 

In order to use this user behaviour data for the building performance model, it needs to be simpli-
fied by selecting the two most applicable heating patterns for the case district. By combining the 
data of  two tables above, it can be determined that pattern 1 and 2 are the most common in Dutch 
households. The passive housing that will be used in the case district is best represented by the 
building labels AB, this column shows that the used patterns are well represented, reinforcing this 
choice to use these two patterns. 

2.3.1.2 Occupant behaviour DHW demand 

With the decreased heating demand in energy neutral buildings, domestic hot water becomes a 
dominant factor in the thermal energy demand as is shown in Fig. 2-3. The annual demand varies 
from 2250 to 3400 kWh for an average household depending on what demand profile is used. Be-
sides this profile, the household person size is the other main factor that determines the total 
demand. 

 

Fig. 2-3. Main patterns in domestic hot water demand [5]. 

The profile long showering accounts for 49%, luxurious 6%, water conscious 33%, and regular bath-
ing 23% of the population. This data is then used to create profiles. In order to interpolate the hot 
water demand with other data parameters, an hourly profile needs to be made. This profile is shown 
in Fig. 2-4 and is divided in a weekday and weekend pattern.  
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Fig. 2-4 Day-profiles DHW demand weekdays and weekends [6]. 

 

2.3.1.3 Residential electricity demand 

The electricity consumption profiles are different for residential and utility buildings. Utility buildings 
have their peak demand during the day, where residential buildings have it during the evening 
hours.   

Table 2-3 annual energy demand by demography and housing type, building year 2000-2017 [7]. 

 Apartment Terraced house Detached house 

Building type G [m3] E [kWh] G [m3] E [kWh] G [m3] E [kWh] 

Young single adult 1001 2609 1071 2998 1293 3809 
Young family no kids 924 2425 1054 3116 2070 4318 
Family with young kids 1054 2938 1269 3858 2097 5471 
Elder couple 889 2473 1227 3414 1841 4190 
single elder 899 1953 1125 1800 1240 3229 

 
The Dutch power grid operator Liander provides data sets representing the energy demand of resi-
dential buildings. The data is derived from home meters (n=10000), assumed is that this represents 
the average home with an occupation of the Dutch average of 2.16 persons per household [8]. This 
data is provided with an hourly interval and can therefore be used for the numerical computer 
model. 
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 User behaviour utility buildings 
 

Where residential buildings have a high demand in the evening hours, utility buildings are more ac-
tive during daytime. Fig. 2-5 shows the demand profiles of an office building, derived from a paper 
coming up with a method predicting the energy consumption of small office buildings [9]. The meas-
ured data provided a good validation of the specific electricity consumption of the utility buildings. 

 

Fig. 2-5 Electricity demand for office buildings, measured data versus a new prediction method [9].  

 Power profiles 

With the information from chapter 2.3 power profiles are created for every week, as is shown in Fig. 
2-6. The residential power is attained from measuments, provided by the dutch operator Liander. 
The utility building profile is derived from the literature study. It is assumed that the utility buildings 
will not be actively used during the weekends. 

 

Fig. 2-6 Weekly power profiles residential and utility buildings. 
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 On-site renewable energy sources 
 
Renewable energy sources (RES) in the built environment are becoming more common and profita-
ble, due to decreasing costs and higher energy performance demands of buildings by law. One of the 
most used on-site RES types is photovoltaic- and solar thermal power. These sources have a stochas-
tic nature of energy generation, and their predictability and control is limited. Therefore the need for 
energy flexibility in the built environment increases, in order to maximize their energy potential. 

 Photovoltaic panels 

Photovoltaic panels for the consumer market come in different types: thin-film, mono- or polycrys-
talline. They are cheap and simple solutions compared to the multi-layered triple junction panels 
used in aerospace. Due to their single layer silicon design, efficiency is relatively low. Around 14-18% 
of solar radiation is converted directly into electricity and even though prices have decreased signifi-
cantly over the years, they still have a hard time competing with fossil fuels in the higher latitudes of 
the world. This is largely due to the fluctuating nature of the generation. The surplus of energy they 
generate during summertime has to be sold for import prices (if no subsidies are available), which 
are usually very low (0.03-0.04€/kWh). In wintertime the shortage of generation causes the con-
sumer to turn to the utility grid for sufficient power. Then there is the diurnal fluctuation in power 
generation as well, as is shown in Fig 2-7. Seasonal storage solutions for power are not yet feasible 
for district level. However batteries and demand-side management could minimize the daily fluctua-
tions. 

 
Fig 2-7: Photovoltaics power output expressed in fraction of PV installed peak Watt power, data represent Dutch climate. 

Left: annual generation profile, Right: daily profile over a week. (Source: European Commission). 

 
An intrinsic method to decrease fluctuations with solar source generation is to position thermal or 
photovoltaic panels strategically. For example, when all PV-panels are installed with an orientation 

straight south a sharp peak is created around noon, but when panel orientation is divided with a 
slight offset to east and west this peak is reduced and the generation period over a day is extended. 
This could work on district level with possibilities for energy exchange. Another factor is the tilt of 
the solar panels. Panels that are positioned too flat will generate more in summertime and less in 
wintertime, too steep they will lose out on summer generation. According to Fig. 2-8 a tilt of 50° 

with the ground is an optimal setup to minimize annual fluctuations and maximize total generation. 
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Fig. 2-8 Annual generation profiles of solar energy sources by their tilt gradient on a latitude of 50°  

 Solar thermal energy 

Solar thermal energy is widely accepted as a feasible energy source in the built environment. De-
pending on the ambient conditions, a fraction of 0.5 to 0.8 of the incoming solar radiation can be 
converted into thermal energy. The efficiency of a solar collector is depending on the type (usually 
flat plate or vacuum tube), the ambient temperature and the mean temperature of the transport 
fluid inside the collector. The thermal energy output of a solar collector is determined by the follow-
ing equation: 

�̇�𝑄 = 𝐹𝐹𝑟𝑟𝐴𝐴 �𝐼𝐼𝑝𝑝 − ℎ𝑟𝑟 ∗ �𝑇𝑇𝑓𝑓,𝑖𝑖 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎�� 

The specific output is dependent on the following parameters: 

 Fr: Solar collector efficiency factor [-] 
 A: collector area [m2] 
 Ip: Irradiation [W/m2] 
 hr: heat transfer coefficient [W/m2K] 
 Tf,i: mean fluid temperature [K] 
 Tamb: Ambient temperature [K] 
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Fig. 2-9 Performance of flat plate and vacuum tube collector under multiple circumstances 

Fig. 2-9 shows that vacuum tube type collectors perform better when the difference between ambi-
ent and fluid temperature is larger. In turn flat plate collectors perform better with a smaller 
temperature difference. In low irradiation circumstances the vacuum tube performs better from a 
temperature difference of 16 K (red square dot), this indicates that this collector type has better po-
tential during wintertime. 

 Hybrid PVT Collectors 

A potential new technology is the hybrid PVT collector, combining the PV and thermal aspect in a 
single panel which could take less space than a solution of separate PV and PT. Products that are on 
the market today have been tested in a research paper and it could be concluded that they were still 
not financially competitive with separate PV and PT [10]. These products are available with prices 
ranging from 450-950 €/m2. Fig. 2-10 shows that prices for the current PVT solutions have to drop to 
around 200€/m2 to be competitive. 
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Fig. 2-10. PVT products on the market have to drop to indicated prices to be competitive [10] 
 

 

 District heating and cooling 
 
A district heating system can utilize waste heat from cogeneration, or it may distribute heat that is 
produced centrally and separately from the generation of electricity. However, there can be effi-
ciency gains through centralized production of heat compared to use of on-site boilers or furnaces 
even in the absence of cogeneration and in spite of distribution losses. Similarly, chilled water sup-
plied to a district cooling network can be produced through trigeneration, or it can be produced 
through a centralized chilling plant independently of the generation of electricity. The co-production 
of chilled water (with absorption chillers) and electricity can either increase or decrease primary en-
ergy use compared to a system using electric chillers where electricity production is maximized and 
waste heat is discarded. As with district heating, there can be efficiency gains with centralized pro-
duction (of chilled water, using electric chiller) compared to on-site production due to economies of 
scale, even when not integrated with the production of electricity. Furthermore, centralized systems 
can make it easier to shift to renewable energy for heating and cooling purposes. From the perspec-
tive of the owner or operators of a building, there are a number of reasons why hooking up to a 
district heating or cooling system might be preferable to on-site production of hot and chilled water: 

• There are savings in the upfront capital cost since boilers and chillers do not need to be pur-
chased as part of the building; 

• There are savings in space, maintenance costs and insurance by virtue of having no on-site 
heating or cooling equipment; 

• In the case of district cooling, there is no need for on-site cooling towers and condenser pip-
ing; 

• Noise and vibration associated with heating and /or cooling equipment are eliminated 
• The absence of roof-mounted cooling towers eliminates the risk of legionnaires disease, par-

ticularly if air intakes are also located on the roof; 
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2.5.1.1 Integrated heating and cooling 

When there is a need for simultaneous heating  and cooling, such as for air conditioning   and do-
mestic hot water in summer, a hot pump could be used to produce chilled water while rejecting heat 
at a high enough temperature to serve DHW requirements. The advantages and disadvantages of 
this method of producing hot water from an energy efficiency point of view are discussed in Chapter 
8 in the context of individual buildings. It might be more easily implemented in centralized district 
heating and cooling systems, but a full analysis is still required in order to determine if, to what ex-
tent, and under what circumstances there is a saving in primary energy use. 

 Solar-assisted district heating 

Solar thermal energy, collected during the summer months, has been successfully stored under-
ground and used for heating in winter in several countries. Seasonal thermal energy storage is less 
expensive at the scale of a small district heating system than at the scale of individual buildings or 
houses. This is because, as the scale of seasonal energy storage reservoirs increases, the surface-to-
volume ratio will decrease. This will decrease the fractional loss of stored thermal energy. At the 
same time, for underground storage in concrete or steel tanks or in gravel pits, the capital cost de-
pends largely on the surface area, so the cost per unit of storage capacity will decrease with 
increasing size (unless the size increase to the point where scaffolding needs to be erected during 
construction). Finally, larger storage and district heating systems will require larger heat pumps, 
which have a lower unit cost and higher COP than smaller heat pumps. 

 Heat Pumps 

Heat pumps can be used for heating, air conditioning and the production of hot water. Residential 
air conditioners and commercial chillers operate on the same principles as heat pumps, so they can 
be thought of as heat pumps that operate in only one direction, to cool buildings. Indeed, in some 
parts of the world (such as Japan), the majority of air conditioners are reversible, so they are really 
heat pumps. In any case, much of the information presented in this chapter is applicable to air condi-
tioners and commercial cooling equipment. 

2.5.3.1 Operating principles 

The natural tendency of heat is to flow from warm to cold. A heat pump transfers heat against its 
natural tendency, from cold to warm, in the same way that a bicycle pump moves air against its nat-
ural tendency, from low pressure (outside the tyre) to high pressure (inside the tyre). In both cases, 
work must be done (requiring energy). There are two broad types of heat pumps, based on either a 
vapour compression cycle or an absorption cycle. A vapour compression heat pump can be powered 
by electricity or by mechanical shaft power. The latter is used in plants of district cooling systems. An 
absorption heat pump uses heat rather than electricity or mechanical power as the energy input to 
drive the heat pump. Absorption chillers (used for cooling purposes only) are much more common 
than absorption heat pumps (used for cooling and heating).  
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2.5.3.2 Heat pump performance 

The critical parameter measuring the performance of a heat pump is the coefficient of performance 
(COP). When the heat pump is used for heating, the COP is the ratio of heat supplied to energy used. 
In cooling mode, the COP is the ratio of heat removed from the building to energy used. The perfor-
mance of a heat pup depends on the performance of the compression-expansion cycle and on the 
performance of the heat exchangers. The maximum possible COP of a heat pump is the COP of an 
ideal heat pump, also known as the Carnot cycle COP. For cooling, it is given by: 

𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑐𝑐 =
𝑇𝑇𝐿𝐿

𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐿𝐿
 

Where TL is the evaporator (or lower) temperature, and TH is the condenser (or higher) temperature. 
In heating mode, 1.0 is added to the above expression to account for the energy input to the heat 
pump, which is ultimately dissipated as heat and, along with the heat from outside, is part of the 
heat supplied to the building. Thus, 

𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑐𝑐 =
𝑇𝑇𝐿𝐿

𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐿𝐿
+ 1.0 

In an ideal heat pump, heat is delivered to the evaporator and removed from the condenser isother-
mally, this ,with no change in the temperature of the working fluid as it evaporates on its way 
through the evaporator and condenses on its way through the condenser. No heat pump can 
achieve a COP greater than that of an ideal heat pump given above. The ratio of actual COP to that 
of an ideal heat pump is called the Carnot efficiency (ηc). Thus:  

𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐,𝑟𝑟𝑖𝑖𝑎𝑎𝑐𝑐 = 𝜂𝜂𝑐𝑐 �
𝑇𝑇𝐿𝐿

𝑇𝑇𝐻𝐻 − 𝑇𝑇𝐿𝐿
� 

The net effect of the above departures from an ideal heat pump is to produce a Carnot efficiency 
ranging from 0.3 in conventional electric heat pumps, to 0.5 in more advanced residential units and 
0.65 in large, advanced electric heat pumps.  

 

Fig. 2-11: Heat pump coefficient of performance as result of condenser temperature 
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 DHC distribution grid 

There is a trend that distribution temperatures continue to decrease with every passing DHC-genera-
tion. The minimum temperature required for domestic hot water is 55°C, meaning if the water is 
distributed below this value, an electric coil or booster heat pump becomes necessary to boost tem-
peratures. According to research (source) the best temperature to distribute is 60°C. This offers the 
best balance between system simplicity and energy losses. 

2.5.4.1 Supply and return temperatures 

The distribution temperature of a thermal energy grid depends on the way heat is produced and 
consumed. The heat in the district is generated by solar collectors and they put out heat between 40 
and 80°C, and is stored in a STES system where temperatures can drop even lower. A heat pump 
then has to boost the temperature to a usable value. On the consumption side, the heat is used for 
DHW purposes. For every DHC generation, the trend has always been to lower the distribution tem-
perature to minimize heat losses, the future 4th generation of DHC has the prospect that 
temperatures can drop to even 40/25°C for supply and return flows respectively [11]. Other research 
shows that there are limits to the level of distribution temperatures. Lowering the temperature even 
further results in the need to accommodate temperature boosters such as electric coils or booster 
HP’s to achieve DHW temperature [12][13]. The consensus is that lowering the supply temperature 
below 60°C leads to significant higher costs. Based on this research the supply and return tempera-
ture will be set at 60°C and 25°C, giving an optimal solution between energy efficiency and costs. 

2.5.4.2 Thermal losses 

To account for the heat losses in the distribution grid, a method is used which is described in the pa-
per of H. Wang et al [14]. The physical assumptions of the paper have been copied for this report. 
The situation in the paper is that the return and supply pipes are closely located (d = 0.2 m) in order 
to minimize heat losses. The research paper includes this effect with the following equation: 

𝑅𝑅𝑎𝑎 =
1

2𝜋𝜋𝜆𝜆𝑠𝑠𝑐𝑐𝑖𝑖
ln��

2𝐻𝐻
𝑑𝑑
�
2

+ 1, 𝐻𝐻 = ℎ +
𝜆𝜆𝑠𝑠𝑐𝑐𝑖𝑖
𝛼𝛼𝑠𝑠𝑐𝑐𝑖𝑖

 

Whereby h is the depth of the piping below ground level, assumed at 1.2 m. αsoi = 13.5 W/m2K, and 
the thermal conductivity of the ground is: λsoi = 1.5 W/(m K). 

The next equation gives the amount of heat lost per meter length of the supply pipe, the return pipe 
equation (qr) differs by replacing ts with tr and vice versa. 

𝑞𝑞𝑠𝑠 =
(𝑡𝑡𝑠𝑠 − 𝑡𝑡0)(𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑠𝑠𝑐𝑐𝑖𝑖) − (𝑡𝑡𝑟𝑟 − 𝑡𝑡0)𝑅𝑅𝑎𝑎

(𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑠𝑠𝑐𝑐𝑖𝑖)(𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑠𝑠𝑐𝑐𝑖𝑖) − 𝑅𝑅𝑎𝑎2
, 𝑅𝑅𝑟𝑟 = 𝑅𝑅𝑠𝑠 = 𝑅𝑅𝑝𝑝 + 𝑅𝑅𝑖𝑖  

Whereby supply temperature ts is assumed 60°C, and return temperature 25°C. The ground temper-
ature t0 is assumed at 11°C all year round. The thermal resistance values Rp, Ri and Rsoi (for pipe, 
insulation and soil) are calculated with the following equations: 
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𝑅𝑅𝑠𝑠𝑐𝑐𝑖𝑖 =
1

2𝜋𝜋𝜆𝜆𝑠𝑠𝑐𝑐𝑖𝑖
ln �

𝐻𝐻
𝐷𝐷𝑐𝑐

+ ��
2𝐻𝐻
𝐷𝐷𝑐𝑐
�
2

+ 1� 

𝑅𝑅𝑖𝑖 =
1

2𝜋𝜋𝜆𝜆𝑖𝑖
ln
𝐷𝐷𝑃𝑃,𝑖𝑖𝑐𝑐

𝐷𝐷𝑖𝑖,𝑖𝑖𝑐𝑐
 

𝑅𝑅𝑃𝑃 =
1

2𝜋𝜋𝜆𝜆𝑃𝑃
ln
𝐷𝐷𝑐𝑐,𝑖𝑖𝑐𝑐

𝐷𝐷𝑃𝑃,𝑖𝑖𝑐𝑐
 

2.5.4.3 Pumping energy demand 

Distributing of the water requires power. This depends on a few factor as is described in the equa-
tion below.  

𝐸𝐸 = 0.001 ∗
𝜌𝜌 ∗ 𝑔𝑔 ∗ �̇�𝑉 ∗ 𝐻𝐻

𝜂𝜂𝑎𝑎 ∗ 𝜂𝜂
 

Whereby ρ is the specific density of water, g is the gravitational acceleration (9.81 m/s2), ηm is the 
efficiency of the motor (0.9) and η the pumping efficiency (0.8). H represents the head (m) that the 
water needs to overcome. It comprised of dynamic and static head. Static head is an eventual differ-
ence in height that the water has to overcome, which is neglected for the district that is located on 
flat terrain. What remains is the dynamic head which caused by the friction of the pipes. The dy-
namic head is determined by the following equation:  

𝐻𝐻𝐷𝐷 = �
𝐾𝐾𝑖𝑖𝑣𝑣𝑖𝑖2

2𝑔𝑔

𝐼𝐼

𝑖𝑖=1

 

Whereby K is the loss-coefficient of pipe i, v is the velocity in the pipe (m/s), and g is the gravitational 
acceleration (m/s2). The loss co-efficient is determined by the following equation: 

𝐾𝐾𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖 =
𝑓𝑓𝑓𝑓
𝐷𝐷

 

Whereby f is the friction coefficient, L the pipe length and D the pipe diameter. The friction coeffi-
cient is determined by the following variation of the Colebrook White equation: 

𝑓𝑓 =
0.25

�ln � 𝑘𝑘
3.7 ∗ 𝐷𝐷 + 5.74

𝑅𝑅𝑅𝑅0.9��
2 

Whereby k is the roughness factor, which can be found in standard tables and is assumed 3 mm. D is 
the diameter of the pipe and Re is the Reynolds number, which can be determined by the following 
equation: 

𝑅𝑅𝑅𝑅 =
𝑣𝑣𝐷𝐷
𝜐𝜐

 

Whereby v is the velocity through the pipe, D the diameter and υ is the kinematic viscosity of water 
which is 1.31*10-6 m2/s. 
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 Seasonal thermal energy storage system (STESS) 

During summertime the solar collectors will generate more heat than the district demands. This ex-
cess needs to be stored in a seasonal thermal energy storage system, so that this excess heat can be 
later used during the winter periods where supply and demand are switched. 

2.5.5.1 Seasonal thermal energy storage types 

There are multiple system types to store thermal energy over longer periods. Each of these systems 
have their own characteristics. There are closed systems, like the borehole system and the pit stor-
age system, and there is the open system which works with underground aquifers.  

 

Fig. 2-12 Types of seasonal thermal energy storage systems [15]. 

The aquifer system needs to be thermally balanced with both the ground and with heating and cool-
ing demand. It also operates solely with relative low temperatures. The low temperatures cannot 
provide a clear advantage over the air-source heat pumps. The pit storage does have the possibility 
to store high temperatures.  

2.5.5.2 Pit storage  

Of all the thermal energy storage types, the pit storage is the most feasible. It allows high tempera-
tures favouring the heating demand dominated DHC system. In the Danish town of Dronninglund, a 
DHC system is constructed and a paper of P. Sorknaes describes a computational model of this sys-
tem [16]. Another bonus is that the capacity of this system comes close to the demand of our district 
of Brandevoort II, allowing this report to copy the specifications from the paper. 

Solar DH is rapidly growing in Denmark. It currently covers 3-5% of the total DH demand and is ex-
pected to achieve 15% by 2025. By the end of 2015 there were 63 plants operating in Denmark (with 
a total panel area of 628,000 m2); 13000 m2 in Norway; and 39000 m2 in Chile. The installed capacity 
in Denmark is expected to grow by 75% to reach 1 million m2 by the end of 2016, and 8 million m2 by 
2035. The first solar DH plants were commissioned in the 1990's,in Denmark, and were supported 
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through national and EU subsidies. A national expertise has been built since then and Danish solar 
DH experts are currently worldwide recognised. The concept consist in supplying a DH network with 
solar thermal energy coming from a solar field and is usually combined with other fuels and a heat 
storage system . The lifespan of such a system is around 30 years. It has proved to be an efficient 
technology for DH companies to reduce their fossil-fuel dependence and guarantee stable and com-
petitive prices to their clients [17]. 

 

Fig. 2-13 Dronninglund DHC pit storage and collector area [18] 

 

Fig. 2-14 Performance of the pit storage according to the computational model of Sorknaes [16]. 

In order to verify the pit storage model, Fig. 2-14 shows the relation between the top and bottom 
temperatures of the pit, against the usable energy content. The top and bottom temperatures are 
derived analytically based on the energy content with a set of equations. 
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 Local power grid and ESS 
 
One objective that is stated by the case study is that the district is able to support the national 
power grid, by decreasing the peak demand and supply. A second objective is to create a local dis-
trict level power grid, to minimize the costs of importing power from the national grid.  Basically 
what this implies is to implement a microgrid, in order to maximize self-consumption of on-site re-
newable energy sources. A microgrid is able to manage energy flows based on intelligence such as 
RES generation prediction, battery management, and demand-side management. This energy man-
agement will ultimately lead to better control of the energy flows within the local grid an to the 
national grid. 

 Microgrid 

The objectives of a power grid are to keep transmission and distribution losses as low as possible 
and to maintain stability. There has been done a lot of research to these objectives in the case of mi-
crogrids, and the specifications are depending on a few factors. The first factor is the current type. 
Both alternating current (AC) and direct current (DC) have their benefits when it comes to mi-
crogrids. Even though a lot of components in a microgrid are DC related (PV, batteries, DC building 
applications), AC can provide a higher grid efficiency when the fraction of RES self-consumption is 
low [19]. For this case study we assume the self-consumption is high and that DC current will benefit 
the usage of batteries and DC applications. The microgrid will then operate at 400 VDC. For home 
applications, it is converted to 48V DC [20]. In this research report, no further investigation is done 
to the elaboration of the technical side of DC current. The power simulation is simplified to the mod-
elling of energy flux with a loss factor.  
 

 

Fig. 2-15 Schematic overview of how a hybrid AC/DC microgrid is connected with its power components 
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 On-site battery storage (ESS) 

To increase the flexibility of the microgrid a battery storage system can be added, often referred to 
as ESS. For the batteries a product is chosen from manufacturer Tesla Inc, which produces batteries 
for district scale solutions with a recent developed product named Powerpack 2. Shown in Fig. 2-16 
is a 40-element ESS setup, giving an idea about the size of such a system. A reason for this system is 
that information on specification of this product is largely available, and it is being commercially ap-
plied on large scale already. 

 

Fig. 2-16 Tesla Powerpack 2 ESS. The system shown in the figure is composed of 40 x 220 kWh battery elements and on the 
sides accompanied by two-way AC/DC converters (source: electrek.co) 

2.6.2.1 Tesla Powerpack 2 

A Tesla Powerpack 2 DC element consists of 16 Powerwall 2 DC units of 13.5 kWh. The investment 
costs of a Powerpack is not made publicly, however consumers that have acquired this product have 
said to have paid around €60,000 per unit. The batteries are able to retain 80% of their initial capac-
ity after 5000 cycles. Shown in Table 2-4 Specification of a Powerpack 2 unit are the relevant 
specifications that are used for the computational model. 

Table 2-4 Specification of a Powerpack 2 unit with DC connection 

Specification Value 

DC energy 216 kWh 
Power, continuous 80 kW 
Round trip efficiency 91.8% 
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3 Case study district description 
 
In this chapter, the technical requirements and energy demand of the case study are translated to 
two district energy system concepts. This is a term used to describe the collection of building and 
district services that are needed to provide both electric and thermal energy to the residential and 
utility buildings. These concepts will then be simulated and analysed in order to provide an indica-
tion which of these concepts would make the most appropriate solution in respect to the given 
requirements.  
 

 Requirements buildings and installations 
 

The residential buildings consist of multiple apartment buildings, terraced dwellings and free stand-
ing houses. The houses are built according to the principal of net zero energy. 

 Requirements residential buildings 

The residential buildings will be built according to the Dutch standard BENG, which means that 
dwellings are energy neutral. The standard states that R-values for floor, walls and roof are above 
5.0, 5.0 and 6.0 m2K/W respectively. The windows are to have a U-value of 0.8 W/m2K by applica-
tion of triple pane glass with low-e coating. The air refreshment is performed by mechanically 
ventilation with a high efficiency heat exchanger of 95% with certification. For summer a by-pass op-
tion is used above 20°C ambient temperature. Infiltration is no higher than 0.6 ACH with a pressure 
difference of 50 Pa, which is a higher standard than the Dutch building code. According to the Dutch 
building certification NEN 7120 the internal heat gains are a function of floor area and determined 
by the equation: Qint = 230+1.8*Afl for dwellings [21]. 

 Requirements utility buildings 

The utility buildings have different requirements for ventilation, and building envelope than residen-
tial buildings. The district contains a secondary school which is by law typed as an educational 
function. The ventilation requirement is 8.5 dm3/s/person.  The other utility buildings in the district  
are two office buildings which are typed as office function. The ventilation requirements are 6.5 
dm3/s/person [21]. 

 Building installations  

Installations are an important factor in the energy concept. They are responsible for the comfort of 
the users. They should be intuitive. In a smart grid, they have another important function, and that is 
to communicate and work together with other installations in order to come to a greater end result. 
This leads to destressing the network, and lead to more efficiency overall. This means, installations 
have to know when to yield their own interest sometimes in order to get a global better network 
performance. They buildings will be all-electric, this means gas connection to provide heating. The 
buildings are going to be equipped with photo-voltaic panels and thermal collector, surface areas of 
the RES are to be specified by research of the heating district network. 
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 District building typologies 
 
The building typologies situated in Brandevoort II are studied on their heating demand characteristics 
by performing a building performance simulation. The building designs are still unknown, however 
there is an approximation of the quantity of dwellings typologies which are going to be realised. The 
building specifications are derived from literature in order to come to an energy demand profile that 
can represent the district. The first subsection describes three common dwelling types:  terraced 
houses, apartments, and single-family houses. The utility buildings are represented by a primary 
school and two offices, typologies which will also be part of the future district. 

 Description residential buildings 

3.2.1.1 Terraced houses 

Terraced houses are a common sight in the Netherlands. This dwelling type makes up 42.5% of the 
Dutch housing stock, which makes it is the largest share in Europe. An example of passive housing is 
shown in Fig. 3-1, situated in district de Kroeven in Roosendaal, where 1950’s housing has been reno-
vated to passive house specification. The dwellings are equipped with strongly insulated envelope, 
triple pane windows, air tight structure, and solar collectors and balanced ventilation [22]. The speci-
fications from this renovation project are basis to the residential housing for our case district. 

 
 

Fig. 3-1. Example of terraced houses build in the 1950’s, which have been renovated to energy neutral specification.  

 



27 
 

 

Fig. 3-2. Layout of corner house, the terraced dwellings in between which are not shown have comparable layout and size. 

The terraced houses are combined to create a block of six attached dwellings in the building perfor-
mance model. This is a composition that is very common and representative for this typology.  

 

  

Table 3-1 Characteristics of terraced houses 

Parameter Value  Parameter Value 

External width 5.4 m  U value walls 0.15 W/ m2K 

External length 9.7 m  U value roof 0.12 W/ m2K 
Room height 2.6 m  U value floor 0.15 W/ m2K 
Floor area Af 124.3 m2  U value windows 0.80 W/m2K 
Envelope corner house Abe,ch 230.0 m2  Infiltration ACH50 0.6 h-1 
Envelope terraced house Abe,th  156.9 m2  Ventilation 1.3 h-1 
Ratio Af/Abe,ch - Af/Abe,th 0.5 - 0.8  Heat exchanger eff. 95% 



28 
 

3.2.1.2 Free standing (detached) houses  

Detached houses make up 23% of the Dutch housing stock, according to the Dutch statistics office. 
This housing type characterises itself by having a small floor to envelope area factor. The house is 
derived from the Dutch housing references document with 2013 specification [23]. The house is 
adapted on a few points from the original energy neutral specification (BENG). Windows are 
equipped with low-e glass, lowering the U-value to 0.8 W/m2K, walls and roofs have a higher insula-
tion with 0.15 and 0.12 W/m2K respectively.  The roof’s slope is raised to 50° to better 
accommodate solar based renewables.  
 

 

Fig. 3-3 Visual description of the detached house [23]. 

 

Table 3-2 Characteristics detached house. 

Detached house specifications   

External width 6.8 m  U value walls 0.15 W/ m2K 

External length 11.0 m  U value roof 0.12 W/ m2K 
Room height 2.6 m  U value floor 0.15 W/ m2K 
Floor area  Af 169.5 m2  U value windows (glass + frame) 0.80 W/m2K 
Surface area building envelope Abe 358.4 m2  U value external doors 1.40 W/m2K 
Ratio Af/Abe 0.5  Sun shading activation irradiation >400 W/m2 
Infiltration ACH50 0.6 h-1    
Ventilation (std. – free cooling) 1.0-3.0 h-1    
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3.2.1.3 Apartment buildings 

The district will situate multiple apartment buildings, just like the previous residential buildings this 
building type also modelled after the Dutch building reference report from the 2013 building code. 
The building’s envelope is adapted to the passive building specification. 

 

 
 
Fig. 3-4. Apartment building, source: 2013 reference buildings in the Netherlands [23] 

 

 

 

 

 

  

Table 3-3 Characteristics of apartment buildings. 

Building specification Value  Apartment specifications Value 

Number of floors 5  Apartment width 7.2 m 
Number of apartments 36  Apartment depth 11.2 m 
Floor area Af 2941 m2  Apartment height 2.6 m 

Surface area building envelope Abe 3059 m2  Floor area 81.7 m2 
Ratio Af/Abe 1.0  Infiltration ACH50 0.6 h-1 
U value walls 0.13 W/ m2K  Ventilation 1.35 h-1 
U value roof 0.10 W/ m2K    
U value floor 0.28 W/ m2K    
U value windows (glass + frame) 0.80 W/m2K    
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 Description reference utility buildings 

The approach for utility buildings differs from the residential buildings in the way that no domestic 
hot water is consumed. This is due to the fact that normally this type of energy consumption is very 
low for these typologies. Another difference is the lack of heating patterns. It is assumed that both 
offices and the secondary school follow a strict heating profile according to office and educational 
hours. 

3.2.2.1 Office building 1 

Office buildings typically generate a large amount of internal heat by having a lot of electric equip-
ment and combining that with a high concentration of building users. This often leads to a building 
thermal profile with a cooling load for a large period of the year. A reference office building was de-
scribed by two articles of D.P. Jenkins et al, where the building was objective to study effects of 
future climate changes and internal factors on the need of heating and cooling in office buildings. 
Building characteristic of the typology can be found in Table 3-4.  

 
 

Fig. 3-5. Birds-eye view of reference office building 1 [24].   

The ventilation is determined by the Dutch building code to be 6.5 l/s/person. If this is value is multi-
plied by the occupancy and divided by the internal volume, a ventilation rating of 0.6 h-1 is derived. 
For the internal heat production adaption 1 from Fig. 3-6 is used, modern application take little 
power in stand-by mode, and this comes down to 3.3 W/m2 for idle hours, and 15.0 W/m2 for office 
hours, and an inter-value for the early evening hours derived from Fig. 3-6. 

 

Fig. 3-6. internal gains during an average workday [25] 
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Table 3-4 Building characteristics office 1   
Parameters Value  Parameters Value 

Number of floors 4  U-wall 0.20 W/m2K 
Building width 25 m  U-floor 0.25 W/m2K 
Building length 40 m  U-roof 0.15 W/m2K 
Building Height 14.8 m  U-glazing 1.1 W/m2K 
Floor area  4,000 m2  Infiltration ACH50 1.0 h-1 
Number of occupants 286  Ventilation 0.6 h-1 

3.2.2.2 Office building 2 

Reference office building 2 is derived from an online paper from H. Poirazis et al, in which the build-
ing is subject to a sensitivity analysis on the glass area of the facades. For this project the standard 
30% glass area specification is used [14]. As with office building 1, the ventilation is dependent on 
the number of occupants, which is determined in the article to be 394 if the layouts shown in Fig. 3-7 
are chosen to be evenly divided under the number of floors. This creates a minimum ventilation rate 
of 0.58 h-1, which is rounded to 0.6. 

      

       
 

Fig. 3-7. Plans of interior layout (left) and birds-eye view (right) of reference office building 2. 

 
 
 

Table 3-5 Building characteristics office 2   

Parameters Value  Parameters Value 

Number of floors 6  U value wall 0.20 W/m2K 
Building width 16 m  U value floor 0.25 W/m2K 
Building length 66 m  U value roof 0.15 W/m2K 
Room - floor height 2.7 – 3.5 m  U value glazing 1.1 W/m2K 
Floor area  6,177 m2  Infiltration ACH50 1.0 h-1 
Number of occupants 394  Ventilation 0.6 h-1 
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3.2.2.3 Secondary school 

On the terrain where the district is planned a secondary school is present, this educational building 
was realized in 2014 and will become a part of the new district. The floor area of the school is ap-
proximate 11700 m2. Literature is consulted for a reference building to determine the energy 
demand. An article from D.P. Jenkins [26], assessing the risk of overheating of a typical primary and 
secondary school in the years 2005 and 2030, is used a structural template to implement the param-
eters in a building energy simulation model. The article concludes from its analysis that internal 
temperatures could exceed 30°C in warmer periods for both types of school.  

 

Fig. 3-8. Layout (above) and birds-eye view (below) of the reference secondary school [26]. 
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Fig. 3-9. Internal gains on a workday for school types, assumed is a constant lower value for weekends [26]. 
 

The article mentions that the parameters of the school are determined in a way with the objective to 
minimize excess heat in the classrooms during summer time. The windows and structural elements 
are therefore of a low thermal resistance. For this district the heating demand is minimized, and an 
active cooling solution will keep the building in the right comfort window.  

The characteristics of the secondary school building are summed up in Table 3-6. The parameters are 
used for the building performance model to determine the thermal energy demand. 

Table 3-6 Characteristics secondary school 

Parameter Value  Parameter Value 

Floor area 10,446 m2  U value walls 0.20 W/m2K 
Building volume 31,338 m3  U value floor 0.25 W/m2K 
Number of occupants 1400  U value roof 0.15 W/m2K 
   U value glazing 1.1 W/m2K 
   Infiltration ACH50 1.0 h-1 
   Ventilation 1.5 h-1 
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 District energy concepts 
 
The objective of Brainport smart district is to display a state of the art energy solution in the Nether-
lands. This is achieved by applying the energy objectives that are stated in section 2.1.2.  
A conventional solution used in the Netherlands is to achieve gas-less districts is by using air-source 
heat pumps to satisfy the heating and cooling demand of buildings. The cost of heat provides by 
these systems are around €170/MWh, assumed life expectancy of the ASHP is 15 years and electric-
ity price €0,20/kWh. In Scandinavian countries collective heating system powered by CHP are more 
common. An upcoming variant of this system is the solar district heating system. In Denmark new 
solar DH parks are being built with competitive prices for heat, examples are: €71/MWh for Dron-
ninglund DH, and €85.4/MWh for Gram DH [17]. In the Netherlands this solution is uncommon, but 
does promise potential. The objective is to create a net zero energy community, causing large fluctu-
ations in supply and demand of electricity due to the behaviour of the on-site renewable energy 
sources. This makes energy matching a critical aspect of the performance of these energy systems, 
and interesting to compare them in this field. 

 Collective energy system: solar DHC + optional ESS 

For the collective energy system is decided to use a solar DHC without a CHP plant. This system vari-
ant is chosen because it is powered only by solar power without intervention of other fuels and can 
therefore directly be compared on the energy matching indices to the individual ASHP system, which 
also fully runs on PV generated power. To increase the energy flexibility of the collective energy sys-
tem, an ESS system is added. In this report the size of the battery storage is point of discussion. 

3.3.1.1 Solar district heating and cooling system 

The thermal system is based on the examples that have already been realised in Denmark. On the 
next page, Fig. 3-10 on the next page shows a schematic overview of how the system in the case dis-
trict will function during the summer and winter scenario. Solar DH system imports heat from a field 
of flat plate solar collectors, buffering their hot water output in a stratified pit storage. The tempera-
ture in the top of the storage will fluctuate between 70°C in the summertime to 30°C in the 
wintertime. As long as the top temperature is above 60°C a heat exchanger provides the heat to the 
DH. If it drops below this threshold, a heat pump is used to boost the temperature to DH levels. Par-
allel to the district heating is also a district cooling grid. In this case study it is used only for the utility 
buildings, which have a very low cumulative cooling demand compared to the DH. A second heat 
pump provides the cooling by extracting the coolth from the bottom of the pit storage and returning 
the waste heat back to the pit, similar to the tri-generation principle.  
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                        Fig. 3-10 Systematic overview of the DHC 
system during winter and summer period. 
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3.3.1.2  Residential building services 

The residential buildings get their heat supplied by the district heating grid through the use of a heat 
exchanger. This heat is stored in a stratified buffer tank for two reasons: to be able to supply enough 
heat to satisfy peak DHW demand. The second reason to use a stratified buffer tank is to be able to 
lower the return temperature of the DH grid. By storing cold water in the bottom of the tank the ex-
changer can cool the DH water further, and decrease the return temperature. The system is able to 
let the buffer heat up during moments of PV-generation by linking the thermal controller, which con-
trols the DH valves, to the solar charge controller. 

 

Fig. 3-11 System schematic for the residential buildings with a collective energy system. 

 
The electricity is generated by PV-elements mounted on the roof, oriented at 50° tilt southward. The 
solar charge controller then converts the power to 48V DC, where it can be used for in-home DC ap-
plications or is converted to 400V DC where it can be stored in a battery system, or is inverted to AC 
power by a PMIC (two-way inverter/stratifier) as is shown in Fig. 2-15. 

Table 3-7 Final system specifications for building typologies with the collective thermal energy system 

Summary (year) Unit Terraced houses - 
(per household) 

Detached houses - 
(per household) 

Apartment building - 
(per household) 

APV  m2 19.6 16.3 11.3 
Vtes  m3 0.2 0.3 0.06 
Psup,max kW 2.0 5.0 0.3 
Edem / sup kWh 4160 3580 2415 
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3.3.1.3 Utility buildings services 

The utility buildings services differ on a few aspects from the residential building services. The main 
difference is the possibility to cool the building. Utility buildings have high internal gains and there-
fore an inevitable need for cooling. The valves can switch between the district heating and cooling 
grid, depending on the type of demand. The heat or coolth is supplied with underfloor heating. The 
system can switch between heating and cooling by switching a four way valve determining whether 
the pump draws water from the top or the bottom of the storage tank. 

 

Fig. 3-12 Schematic overview of the utility building services for the collective system. 

 
The electricity is generated by PV-panels on the top of the building. The panels are placed under a 
30° tilt angle, and have a south-orientation. Utility buildings such as the offices, have a very high en-
ergy demand for the roof area the buildings have. This leads to insufficient roof area, and the excess 
of solar panels would have to be placed somewhere else. This problem is ignored for this report.  

Table 3-8 Main specifications of the utility buildings used in the collective energy system. 

Summary (year) Unit Secondary school Office building type 1 Office building type 2 

APV  m2 2600 1000 1500 
Vtes  m3 20.0 4.0 10.0 
Psupply kW 700 35 200 
Edem / sup MWh 493 189 285 
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 Individual energy system: ASHP + optional ESS 

3.3.2.1 Individual energy system solution 

The possibilities for thermal energy generation are limited on building level. Solar collectors have 
poor thermal energy matching fractions, and therefore cannot provide more than 30-40% of the 
yearly thermal demand. The uncovered thermal loads should then be generated by electrical re-
sistance heating with a coefficient of performance that is unacceptable for the case study energy 
objectives. This leads to the use of a heat pump. There are multiple types of heat pumps: air-source 
HP, ground-source HP, and solar assisted HP. The air-source HP is the most common type, and has 
well proven itself to be able to provide heat throughout the year. 

3.3.2.2 Residential buildings services 

The residential buildings require thermal energy to satisfy the domestic hot water and heating de-
mand. This is done by an air-source heat pump which demands electricity in its turn. The electricity 
demand of the heat pump combined with the home applications are generated by PV-panels. This 
renewable energy source should generate as much energy as the electricity consumed over a year. 

 

Fig. 3-13 Schematic overview of the residential buildings systems with air-source heat pump. 
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The system works with two electrical grids, an AC and a DC grid. The DC has been added to diminish 
the losses caused by inverters and rectifiers needed to convert electricity for ESS, PV and DC applica-
tions. The ASHP also works on DC, for it is programmed to use forced loading when the PV generates 
electricity. 

3.3.2.3 Utility building services 

The utility buildings use in principle the same system as the residential buildings. It differs by using 
different supply temperatures. Since utility buildings only require heat for floor heating, the heat 
pump only needs to provide hot water at 35℃ increasing the coefficient of performance of the air-
source heat pump. The air-source heat pump switches to cooling mode if cooling demand occurs. By 
using four way valves the heat pump circuit direction can be reversed. The same happens for the 
floor heating, where the water will be drawn for the bottom instead of the top. When the tank is 
switched to cooling mode, it stores and supplies chilled water at 7℃ and returns at 12℃ Photovol-
taic panels are installed on the roof. However, there is not enough surface area to accommodate all 
the solar panels needed to cover all the electricity demand of the utility buildings. This issue is ig-
nored in this report, but is mentioned in the discussion. 
 

 

Fig. 3-14 System overview for the utility buildings with an individual energy system. 
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3.3.2.4 Building service specifications (individual) 

To determine the optimal specifications for the individual system district variant, a sensitivity analy-
sis has been performed by monitoring the behaviour of the thermal system. Critical performance 
indicators were chosen to be the energy content of the thermal storage vessel during maximum en-
ergy demand, determining the minimum vessel size and the maximum heating or cooling capacity 
from the air-source heat pump. When the system specification are optimized, the annual energy de-
mand is calculated and based on this number the amount of PV surface are can be determined to 
create a net zero energy demand. 

Table 3-9 Final system specifications for building typologies with the individual heating system. 

Summary (year) Unit Terraced houses - 
(per household) 

Detached houses - 
(per household) 

Apartment building - 
(per households) 

APV  m2 22.8 26.1 18.8 
Vtes  m3 0.2 0.3 2.0 
PHP kW 2.0 3.0 20.0 
Edem / sup kWh 4166 5840 3340 

 

Summary (year) Unit Secondary school Office building 1 Office building 2 

APV  m2 3275 1125 1700 
Vtes  m3 40 20 20 
PHP kW 500 100 160 
Edem / sup MWh 612.8 213.9 324.4 

 

 

 Performance indicators 

 Energy objectives 

In order to make the energy objectives concrete, an objective function is used as is shown below. 
The objective of function outcome j is to minimize the import and export of electricity from and to 
the national utility grid, while retaining the objective to balance the import and export of energy to 
the grid representing the net zero energy nature of the district. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅 𝑗𝑗 = 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑖𝑖𝑐𝑐 + 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑒𝑒 

s.t.   𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑖𝑖𝑐𝑐 = 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑒𝑒 

𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑖𝑖𝑐𝑐 =

⎩
⎨

⎧𝑓𝑓𝑓𝑓𝑓𝑓 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 < 0:    �𝑄𝑄𝑟𝑟𝑖𝑖𝑠𝑠𝑖𝑖 − 𝑄𝑄𝑐𝑐𝑐𝑐𝑎𝑎𝑖𝑖𝑖𝑖
𝐼𝐼

𝑖𝑖=1

− 𝑄𝑄𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖

𝑓𝑓𝑓𝑓𝑓𝑓 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖  ≥ 0:     0                                         

 

𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑒𝑒 =

⎩
⎨

⎧𝑓𝑓𝑓𝑓𝑓𝑓 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 ≥ 0:    �𝑄𝑄𝑟𝑟𝑖𝑖𝑠𝑠𝑖𝑖 − 𝑄𝑄𝑐𝑐𝑐𝑐𝑎𝑎𝑖𝑖𝑖𝑖
𝐼𝐼

𝑖𝑖=1

− 𝑄𝑄𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖

𝑓𝑓𝑓𝑓𝑓𝑓 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 < 0:     0                                         

 



41 
 

 

 Energy balance 

The objective function is constrained by thermodynamic laws. The first law dictates that no energy is 
lost or created in a closed system. Therefore an energy balance can be created which should always 
be equal to zero. The following equations show the balance for power and energy [27]: 

s.t. ∀𝑡𝑡 ∈ [1,𝑇𝑇], 𝑀𝑀 ∈ [1, 𝐼𝐼] 

⎩
⎪⎪
⎨

⎪⎪
⎧ �𝑆𝑆𝑒𝑒𝑖𝑖 ∗ 𝐶𝐶𝑟𝑟𝑖𝑖𝑠𝑠

𝑖𝑖,𝑒𝑒 −�𝐶𝐶𝑖𝑖𝑖𝑖𝑎𝑎
𝑗𝑗,𝑒𝑒

𝐽𝐽

𝑗𝑗=1

+ 𝐶𝐶𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑖𝑖𝑐𝑐
𝑒𝑒 + 𝐶𝐶𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑒𝑒

𝑒𝑒 + 𝐶𝐶𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑒𝑒 = 0
𝐼𝐼

𝑖𝑖=1

�𝑆𝑆𝑒𝑒𝑖𝑖 ∗ 𝑄𝑄𝑟𝑟𝑖𝑖𝑠𝑠
𝑖𝑖,𝑒𝑒 −�𝑄𝑄𝑖𝑖𝑖𝑖𝑎𝑎

𝑗𝑗,𝑒𝑒
𝐽𝐽

𝑗𝑗=1

+ 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑖𝑖𝑐𝑐
𝑒𝑒 + 𝑄𝑄𝑐𝑐𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑒𝑒

𝑒𝑒 + 𝑄𝑄𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑒𝑒 = 0
𝐼𝐼

𝑖𝑖=1

 

• I as total number of grids, i as specific grid number; 
• T as total number of time intervals, t as specific time interval; 
• S as DG on (1) / off (0) state; 
• Pres as DG output power; 
• Pdem as power demand from load, storage, and DHC; 
• Pgrid,in as imported power; 
• Pgrid,out as exported power; 
• Ploss as total grid power loss; 

(Q entries are defined similarly). 

 On-site energy matching 

There are various performance indices to compare the energy matching of systems. One indicator to  
used indicator is the On-site energy matching. This shows how much of the generated energy is used 
for consumption in contrast to exporting it to the utility grid. The on-site energy fraction looks at 
what fraction of the electric load is covered by the on-site energy generation. The performance indi-
cators for the system design is the capacity of the system, for which the objective is to be minimized. 
The on-site energy matching indices are calculated with the following equations: 

𝐶𝐶𝐸𝐸𝐹𝐹 =
∫ 𝑀𝑀𝑀𝑀𝑀𝑀[𝐺𝐺(𝑡𝑡); 𝑓𝑓(𝑡𝑡)]𝑑𝑑𝑡𝑡𝑒𝑒2
𝑒𝑒1

∫ 𝑓𝑓(𝑡𝑡)𝑑𝑑𝑡𝑡𝑒𝑒2
𝑒𝑒1

; 0 ≤  𝐶𝐶𝐸𝐸𝐹𝐹 ≤ 1 

𝐶𝐶𝐸𝐸𝑀𝑀 =
∫ 𝑀𝑀𝑀𝑀𝑀𝑀[𝐺𝐺(𝑡𝑡); 𝑓𝑓(𝑡𝑡)]𝑑𝑑𝑡𝑡𝑒𝑒2
𝑒𝑒1

∫ 𝐺𝐺(𝑡𝑡)𝑑𝑑𝑡𝑡𝑒𝑒2
𝑒𝑒1

; 0 ≤  𝐶𝐶𝐸𝐸𝑀𝑀 ≤ 1 
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4 Computational modelling 
 

In order to assess the performance of the district building typologies and district energy system de-
signs, a structure of computational models are used to simulate the nodes, components and provide 
an insight in the behaviour of energy flows of these systems. This chapter describes how the compu-
tational models are structured, programmed and whether they are correct based on results derived 
from literature. 
 

 Software and tools 

 Modelling software 

The models are completely created and run in MATLAB-Simulink, a numerical computing environ-
ment created by MathWorks which is widely used in the academic world. MATLAB allows matrix 
manipulations, plotting of functions and data, implementation of algorithms, creation of user inter-
faces, and interfacing with programs written in other languages, including C, C++, C#, Java, Fortran 
and Python. 

 Building performance simulation tool 

The building performance simulation is performed with a MATLAB based tool named HAMBase. The 
abbreviation stands for Heat, Air and Moisture model for Building and Systems Evaluation, and was 
developed by the TU/e. It originated from a model named ELAN created in 1988.  And later imple-
mented in MATLAB, with additions of multi-zone modelling, response factors based network, fixed 
time step, solar & shadow calculations and multi-climate [17].  

 Model precision 

The precision of the computational models is set at an interval time of 1 hour. The input for the 
models is based on hourly data intervals. The weather data provided by the Dutch meteorology insti-
tute KNMI is provided on an hourly basis, and is imported by the BPS tool HAMBase at an interval of 
also 1 hour. Another advantage is that with the use of an hourly interval it is easy to convert kW to 
kWh and vice versa.  
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 Predicting demand of residential and utility buildings 
 
The heating and cooling demand of the district building typologies is assessed by using the building 
performance simulation tool HAMBase. The input parameters of the physical aspect of the buildings 
are derived from research papers with a physical description of the buildings in order to verify the 
performance, which can be found in section 3.2. The second part of the input is the user behaviour, 
which is described in section 2.3. 

 Model description 

The detached houses are modelled as a single zone. The terraced dwellings are modelled as a block 
of 6 houses, each house is assigned a zone, and the gallery flats each have 36 apartments, each hav-
ing its own zone. The walls between the zones are not adiabatic, and can therefore exchange heat if 
different heating profiles are selected. The utility buildings are modelled as a single zone.  

 Model implementation of occupant behaviour 

4.2.2.1 Residential buildings 

In order to implement the user behaviour described in section 2.3.1, both the heating and domestic 
hot water demand have been divided into two patterns. Combining these patterns creates a total of 
four combinations, the commonality of the combinations are shown in Table 4-1. 

Table 4-1 User behaviour profile model implementation. 

Pattern combination  usage fraction 

1 Standard / Long showering 0.72 / 0.60 
2 Standard / Water conscious 0.72 / 0.40 
3 Low - morning peak / Long showering  0.28 / 0.60 
4 Low - morning peak / Water conscious 0.28 / 0.40 

 

The user behaviour of the residential buildings are translated to heating and cooling profiles. In 
HAMBase the following input is used: 

 

Fig. 4-1 Temperatures setpoint profiles used for the residential buildings. 
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From the validation simulations became clear that overheating would be an issue during the summer 
period, therefore some measurements have been implemented. There is chosen not to use active 
cooling for the residential buildings, therefore other methods had to be used. One of them is to use 
active sun blinding on the west, south and east facades, that is activated for irradiance levels above 
400 W/m2. Another measurement is to use the ventilation system to use free cooling, where the 
ACH is changed from the standard value of 0.5 to 4.0 during night hours. This system is triggered 
when the internal temperature exceeds the 22℃. 

 Results building performance simulations 

To display the seasonal performance of the buildings, the output is summed up per month as shown 
in Fig. 4-2.  The residential buildings vastly outnumber the utility buildings with 1800 to 3 buildings in 
the district, this means that the total heating demand will be significantly larger than the cooling de-
mand.  

Table 4-2 Heating and cooling demand  building performance simulations. 

Building typology Annual heating demand -  
Simulated [kWh] 

Annual cooling demand -  
Simulated [kWh] 

Terraced dwelling block 1782 - 
Detached house 2293 - 
Apartment building 749 - 
Secondary school 575e3 127e3 
Office building type 1 37.5e3 167e3 
Office building type 2 23.7e3 257e3 

 
 

 

Fig. 4-2. Monthly cumulative heating and cooling demand for district building typologies computed by HAMBase. 
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 Modelling the individual thermal energy system 
 

 Model structure 

The individual energy system is modelled in four phases as is shown in Fig. 4-3. The first phase is the 
import of weather-, electricity- and domestic hot water demand. This data has been interpolated to 
the interval period of the MATLAB-Simulink models, which is one hour. With this data a building per-
formance simulation is run to create a prediction of the thermal energy demand. The weather data 
is also used to calculate the hourly generation of PV- and thermal solar collectors, based on the ori-
entation of the panels.  

 

Fig. 4-3 Model structure individual energy system 

The individual energy system generates heating and cooling at a building level. Therefore are the 
components such as the air-source heat pump and thermal storage vessel modelled by a building 
level Simulink-model (Appendix A). The outcome of this model is the hourly electricity demand 
which is later imported by the district-level Simulink model. The building-level models come in two 
variants: residential and utility. The former variant is programmed to provide heating by low-tem-
perature radiators and domestic hot water, the latter to provide both heating and cooling via an 
underfloor heating system.   

When the electricity demand is determined for all the building typologies it is then imported by the 
district-level Simulink model (Appendix A) which will simulate a central battery system which covers 
the entire district power demand. The battery is optimized to maximize the on-site energy matching 
and a sensitivity analysis on its energy matching performance is therefore performed. 
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 Thermal system components 

4.3.2.1 Air-source heat pump 

All buildings in the district are heated and cooled by air source heat pumps, or ASHP. These types of 
heat pumps subtract thermal energy from the ambient air to add to the internal heating system. This 
component is modelled by calculating the COP based on values provided by the manufacturer NIBE©, 
as is shown in Fig. 4-4 below. Comparing the system COP from the figure to the ideal Carnot cycle 
COP, the Carnot efficiency factor was then derived to be 0.40. 

 

Fig. 4-4 System COP of the NIBE F2120 8 kW ASHP at various ambient temperatures 

The air source heat pump described in section 3.6.2 heats up the incoming tap water to DHW tem-
perature, which is determined at 60°C at the condenser, the lowest temperature for health safety 
regarding legionella disease. The water supply which is used to replenish the DHW, is assumed to 
have a fixed temperature of 10°C. In real life this value fluctuates during the year, between 9°C dur-
ing wintertime and 15°C during summertime. The performance of the heat pump is calculated with 
the ideal Carnot-cycle shown in the next equation, as function of the ambient temperature.  

𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑐𝑐 =
273.15 + 60
60 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

 

The electricity demand is then calculated by dividing the heat flow by the system efficiency as is 
shown in the following equation: 

𝐸𝐸ℎ𝑝𝑝(𝑡𝑡) =
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐,𝑒𝑒𝑟𝑟𝑜𝑜𝑖𝑖(𝑡𝑡)

𝜂𝜂ℎ𝑝𝑝 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑐𝑐
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 Smart control algorithm 

The air-source heat pump system is normally operated in such a way that it delivers heating (or cool-
ing) instantaneously with the demand. There is little energy-flexibility involved with this method of 
operating the heat pump, opposed to operating it with the energy generation profile.  which are 
used depending on the vessel water content and the heat generation and heat consumption ratio. 
There are four system states, which are shown in Table 4-3.  

Table 4-3 System control states of the air-source heat pump 

State Conditions Description 

1.  C < Cthr1  Thermal energy content is below lower threshold, heat pump 
switches on until lower threshold is reached again. 

2. Cthr1 < C < Cthr2 and Tamb < Tpi Vessel energy content is not critical, ambient temperature is below 
average, heat pump is switched off. 

3. Cthr1 < C < Cthr2 and Tamb > Tpi Idem energy content, ambient temperature is higher than average, 
heat pump is therefore switched on. 

4. C > Cthr2 Air-source heat pump is switched off due to vessel energy limitation. 

 
The system behaviour is part of the model validation. The output of the model is checked whether it 
complies with a satisfactory behaviour. The figure below shows three simultaneous parameters of 
the thermal system. For example, the heat pump acts on two factors: the storage vessel content, 
and the outside temperature.  

 

Fig. 4-5 The temperature tracking algorithm (top graph), vs. the behaviour of the thermal system. 
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 Modelling the collective thermal energy system 
 

 Model structure 

The model structure of the collective energy system is identical to the individual energy system in 
the first two phases. Opposed to the individual model, the collective energy system connects all 
buildings with the thermal aspect. This implies that the thermal part of the model needs to be simu-
lated on district-level. Therefore the heating and cooling demand prediction is already performed, 
and later imported to the district-level Simulink model (Appendix A).  

 

Fig. 4-6 Model structure of the collective energy system. 
 

The district-level model is divided into two functions, the DHC and the STESS S-function. The DHC 
function includes two components: The first component is two central heat pumps, which provide 
heating or cooling to the district buildings. The second component is the DHC pipe network which 
calculates the pumping and heat losses. The second S-function represents the STESS, the pit storage 
system. The output of this function representing the DHC system is the hourly electricity demand. 
This is then added to the electricity demand of the buildings, and imported to the ESS function, 
which will compute the energy balance and act to minimize on-site energy mismatch. 
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 System components 

4.4.2.1 Central heat pumps 

The two central heat pumps adapt the water temperature of the pit storage system to a usable tem-
perature for domestic hot water and cooling, each is assigned a specific task of either heating or 
cooling.  

Table 4-4 Specifications central heat pumps 

Heat pump 1 (heating) Value  Heat pump 2 (cooling) Value 

Pmax 2200 kWth  Pmax 300 kWth 

COP 3.1 – 7.0  COP 1.8 – 7.8 
Tcond 60°C  Tcond 20-50°C 
Tevap 20-60°C  Tevap 0-7°C 

4.4.2.2 Seasonal thermal energy storage system (STESS) 

The seasonal thermal energy storage system is used to buffer heat to bridge the seasonal gap where 
the solar collectors cannot provide sufficient heat directly to the district. The pit storage has a trape-
zoid section shape. The temperature of incoming heat flow is further raised by a heat pump to be 
able to retrieve sufficient hot water. 

 

Fig. 4-7 Dimensioning and shape of pit storage [16]. 
 

Table 4-5 Specifications seasonal thermal energy storage system + solar collectors 

Specification Value  Specification Value 

Volume 60000 m3  a, b 76 m 
Solar collector area 18000 m2  a1, b1 43 m 
Ttop 25-70°C  h 16 m 
Tb 10-30°C  dtop 0.24 m 
ktop 0.1 W/m*K  dside 2.00 m 
kb 0.5 W/m*K  dbottom 2.00 m 

 
The energy content of the pit storage is updated with an hourly interval with the following equation: 

𝐶𝐶𝑒𝑒 = 𝐶𝐶𝑒𝑒−1 + 𝑄𝑄𝑒𝑒,𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑄𝑄𝑒𝑒,ℎ𝑝𝑝1 + 𝑄𝑄𝑒𝑒,ℎ𝑝𝑝2 − 𝑄𝑄𝑒𝑒,𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 

The thermal losses are determined by the following equation, whereby each specific part (top, sides, 
bottom) is separately calculated and then added: 
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𝑄𝑄𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 =
𝑘𝑘𝑒𝑒𝑐𝑐𝑝𝑝
𝑑𝑑𝑒𝑒𝑐𝑐𝑝𝑝

∗ 𝐴𝐴𝑒𝑒𝑐𝑐𝑝𝑝 ∗ �𝑇𝑇𝑒𝑒𝑐𝑐𝑝𝑝 − 𝑇𝑇𝑎𝑎� +
𝑘𝑘𝑠𝑠
𝑑𝑑𝑠𝑠
∗ 𝐴𝐴𝑠𝑠�𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑐𝑐� +

𝑘𝑘𝑠𝑠
𝑑𝑑𝑠𝑠
∗ 𝐴𝐴𝑎𝑎�𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑐𝑐� 

 

4.4.2.3 DHC network 

In order to determine the length of the piping of the distribution grid, a schematic plan is created as 
is shown in Fig. 4-8. For this layout a grid with three pipe diameters is chosen, each with a four time 
decrease in heat capacity over the previous type. Based on these specifications the pump losses and 
heat losses of the grid can be determined.  

 

Fig. 4-8 Schematic plan for the distribution pipe network, pit storage and solar collector field. 

In the figure is shown how the DHC components are placed just outside the district in an area be-
tween a forest and the highway. The solar collectors are placed on a current meadow, the cattle can 
stay and the field can have a double function as is the situation with the Dronninglund solar field. 
From the heat pumps, four district heating pipes run to four corners of the district, which are split up 
in four smaller pipes (type 2), and these are split up in another four even smaller pipes (type 3), 
which will supply the water to the building thermal systems. 

Each pipe size has a corresponding loss-coefficient, a parameter that is needed to calculate the dy-
namic head which represent the work the pumps have to do to overcome the pressure drop by the 
friction of the pipes. Besides the pump losses are also the thermal losses which need to be calcu-
lated. The equations for the thermal losses are explained in subsection 2.5.4.3. 
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Table 4-6 DHC piping specifications for pressure and heat loss. 

Piping type total length (m) 

(supply + return) 

inner diameter 
(mm) 

velocity (m/s) loss-coefficient K 
(-) 

sp. heat loss 

qs / qr (W/m) 

Type 1 6,456 120 1.00 543 7.5 / -3.4 
Type 2 10,016 65 0.85 2034 5.8 / -2.0 
Type 3 23,400 40 0.55 9828 5.1 / -1.5 

 
Since the ground, supply and return temperatures (11, 60, 25℃ resp.) are all assumed to be a fixed 
value, the heat loss will be a constant number as well. With the calculation method described in sec-
tion 2.5.4.2, a total heat loss for the DH network of 74.4 kW is determined.  

 Model verification 

The collective system’s computational model is relative complex and is comprised of multiple man-
ual programmed functions which need to be verified in order to get reliable results. 

4.4.3.1 Vessel temperature vs. energy content 

The computational model of the storage pit is derived from the research paper of Sorknaes [16]. In 
this paper he provides an analytical model to simulate the behaviour of the Dronninglund district 
heating TES. The results of this model are shown in Fig. 2-14, and is used in this report to verify the 
results of our own model. The model is programmed as an F-function in Simulink, which environ-
ment can be found in Appendix A: Simulink model – Collective system: Subsystems. The function 
code itself can be found in Appendix B: Collective system - DHC. 

 

Fig. 4-9 Relation between top and bottom temperatures as function of the pit storage energy content. 

At the beginning of August, Fig. 4-9 shows that the top temperature of the pit storage exceeds the 
threshold of 70℃ for direct heat exchange, switching from heat pump 1  - responsible for the district 
heating – to a direct heat exchanger. The bottom temperature increases to 30℃ since the return 
temperature of the heat exchanger is assumed at the same temperature. Since the bottom tempera-
ture is determined analytically, the temperature increase is discrete and a simplification of the real 
situation which would have a gradient temperature rise and fall. 
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4.4.3.2 Heat pump COP 

The district heating and cooling system makes use of two heat pumps. One is dedicated to the cool-
ing part, and the other to the heating part of the network. For both heat pumps, the coefficient of 
performance derived from the equations described in subsection 2.5.3.2. Heat pump 1 subtracts wa-
ter from the top of the pit storage, and uses this to heat up the refrigerant in the evaporator which 
then cools it down to 10℃ and returns it to the bottom of the storage. Heat pump 2 does the oppo-
site by extracting the cold water from the bottom of the pit, and then returns it at the temperature 
of the top of the pit storage.  With these pit storage temperatures and the COP equations previously 
mentioned, the following COP’s are determined over the period of one year as is shown in Fig. 4-10. 

 

Fig. 4-10 COP's of the central heat pumps 1 and 2 over the period of one year. 

 

 Electricity storage system 
 

Both district energy systems have the possibility to make use of a district-level energy storage sys-
tem (ESS). This system, consisting of the Tesla Powerpack 2 elements, will be used to minimize the 
import and export of electricity from and to the utility grid while maximizing energy matching of on-
site energy generation. 

 ESS specifications 

The electric system is approached as a functioning microgrid, which will manage its energy in such a 
way that electric grid is minimized. This is done by a battery pack and the use of demand side man-
agement of the heat pumps. Both these system need to control  

Table 4-7 System specifications microgrid 

ESS element specifications Value  Photovoltaics Value 

Maximum storage capacity 210 kWh  PV electricity conversion η 18% 
Maximum power  50 kW  DC/DC converter η 90% 
Full cycle efficiency 90%  Orientation - tilt south - 50° 
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 ESS control strategy 

Just like with the thermal storage operation, the electric system works also with system states. The 
battery operation takes into account two parameters: the battery charge level and the district en-
ergy balance. There are four possibilities with the two given parameters. They are described in Table 
4-8. During the simulation, every hour an operating state is determined based on the incoming data. 
Once the operating state is determined, a function is run to control the behaviour of the battery. 

 

Table 4-8 ESS system control states during varying scenarios. 

State Conditions Description 

1.  Edist < 0 and C < Cmax * 0.5 The energy balance within the district is negative, meaning the electricity 
demand is higher than the generation. The battery charge level is below 
the threshold of 0.5 times the maximum charge. 

2. Edist >= 0 and C < Cmax * 0.5 Energy balance within the district is positive, and the battery is below the 
charge threshold. 

3. Edist < 0 and C >= Cmax * 0.5 Energy balance within the district is negative. The battery is above the 
threshold. 

4. Edist >= 0 and C >= Cmax * 0.5 Energy balance is positive within the district, and the battery is above the 
charge threshold. 

 
 

 Model verification 

When the buildings have been simulated individually and the specifications have been determined, 
the electricity balance of all these buildings can be aggregated to district level. This district wide 
electricity balance is then managed by the energy storage system of the district to prevent that the 
energy needs to be exchanged with the utility grid. The impact of the ESS on the district electricity 
behaviour is shown in Fig. 4-11. 

 

Fig. 4-11 Behaviour of the battery storage system during winter and summer scenario. 
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The Tesla Powerpack 2 elements can be bundled to form a single operating storage system. By vary-
ing this number of elements, the size of the battery can be changed in order to execute a 
performance analysis. The result of this analysis is shown in Fig. 4-12. 

 

Fig. 4-12 Analysis of the reduction in energy import and export to the utility grid in respect to the battery size 
 

It is clear that by adding more storage elements, more energy can be displaced by shaving off a 
larger area of the power peaks. The graph also shows that by increasing the battery size the returns 
are diminished until the line is virtually horizontal. This is due to the disparity in generation and con-
sumption of electricity during the seasons. In wintertime the amount of power generation is too low 
to create excess power that needs to be stored. During summertime the opposite is true, there is 
not enough energy consumption to deplete the batteries completely and are therefore not at full 
capacity. This can also be seen in Fig. 4-13. 

 

Fig. 4-13 Battery charge states during the seasons for validation of the ESS behaviour (30 ESS elements). 

The figure above shows the battery charge level during different seasons. Left represents the battery 
behaviour during the winter months and it becomes clear that there is little to gain from the energy 
storage system. This is due to the low amount of electricity generation compared to the energy con-
sumption, which makes the battery practically redundant. During the summer months, the battery 
performs as much energy shifting as is possible for its capacity. It can be concluded that the battery 
operation is performing optimal. 
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5 Results 
 

 Individual thermal energy system 
 
The results have been rendered through four different configurations, represented by cases. Individ-
ual case 1 is the base case and the most straight forward configuration, where buildings are heated 
and cooled by an air source heat pump which instantly provides the thermal energy demanded with-
out the intervention of short-term storage. Individual case 2 differs by using an algorithm that 
monitors the ambient temperature and activates the heat pump when it detects that outside condi-
tions are favourable, and makes use of short-term TES to decouple supply and demand. Individual 
case 3 and individual case 4 are identical to case 2, but in this situation the district makes respec-
tively use of a small and large battery storage system. 

 On-site energy matching of individual system configurations 

5.1.1.1 Results individual case 1  

The individual case 1 shows in Fig. 5-1 that over an entire year 39.8% of the electricity generation is 
directly used by the district’s own demand, and 38.7% of the district’s loads is covered by its own 
generation. A large seasonal mismatch can be seen between summer and winter period 

 

Fig. 5-1 Annual energy generation and consumption, including their respective matching factors. 

 

Fig. 5-2 Winter day profile (left) and summer day profile (right) of the generation, load, and the direct energy overlap. 
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The winter day profile in Fig. 5-2 show a significant shortage of generation. Where only 24.2% of the 
loads are covered by the PV-panels. The summer day profile inverts the loads and generation short-
age and surplus.  

5.1.1.2 Results individual case 2  

The case 2 results for the OEMe and OEFe performance indicators are shown in Fig. 5-3 and Fig. 5-4. 
A difference between case 1 and 2 in the district load is seen in the winter day graph, where 2 case 
has an OEM fraction of 1.000 instead of 0.844. This indicates that the smart control algorithm does 
its job on shifting the load of the thermal system. 

 

Fig. 5-3 District OEMe and OEFe for individual case 2 during the course of a year. 

 

Fig. 5-4 Daily performance of the case 2 system configuration. 
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5.1.1.3 Results individual case 3  

This case makes use of a small battery storage system, giving the district a 6.5 MWh of electric stor-
age capacity. The battery load shift capacity is indicated with the lilac colour. The correlation of the 
battery performance and the higher blue energy matching line is clear. 

 

Fig. 5-5 Seasonal OEM and OEF performance for individual case 3 with a small ESS system. 

 

Fig. 5-6 Day graphs of the OEM and OEF factors for individual case 3. 

5.1.1.4 Results individual case 4 

The last individual case represents the large battery storage. The battery size increment is the same 
as from case 2 to 3, from 6.5 to 13.0 MWh. This is in order to see whether a large battery increases 
the energy matching as much as the increment from case 2 to case 3. 

 

Fig. 5-7 Energy matching performance of the individual system with a large ESS system. 
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In Fig. 5-8 it becomes clear that during the summer period a larger fraction of the generation surplus 
is shifted by the battery, when comparing it to the graph of the previous case. 

 

Fig. 5-8 seasonal OEM / OEF fractions and influence of battery storage system. 

 

 Individual case comparison 

The individual cases have been directly compared in Table 5-1. It is apparent that the base case per-
forms the least. Case 2 has a small increment in OEM and OEF. The difference is largest from case 2 
to case 3 with the introduction of a battery system. 

Table 5-1 Energy matching indices of individual heating cases. 

Summary (year) Individual  
Case 1 

(base case) 

Individual  
Case 2 

(smart ASHP control) 

Individual  
Case 3 

(small battery) 

Individual 
Case 4 

(large battery) 

Imported energy (MWh) 5291 4958 3501 3048 
Exported energy (MWh) 5037 4862 3406 2989 
OEMe 0.398 0.419 0.593 0.643 
OEFe 0.387 0.415 0.580 0.636 
Max import (kW) 3038 2817 2817 2817 
Max export (kW) 7637 7652 7388 7414 
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 Collective thermal energy system 
 
The results of the collective variant of energy systems are published in three different setups. Each 
setup is represented by a case. The first case is a district energy grid with no energy storage system. 
The third and fourth include an ESS system consisting of respectively 6.6 and 13.2 MWh capacity.  

 On-site energy matching of collective system configurations 

The results for the on-site energy matching performance for four district energy system configura-
tions are displayed. Collective case 1 acts as a base case and does without the power-to-heat 
algorithm or the battery storage system. Case 2 adds the smart control algorithm. Case 3 and 4 
represent the system with a small and large ESS.  

5.2.1.1 Results collective case 1 

The base case shows a visibly a difference with the same case of the individual energy system, which 
is the dip in load during the summer months. This is where the central heat pump is shut off and the 
district heating system switches to a heat exchanger. As a consequence the energy matching (blue 
line) seems to dip as well. 

 

Fig. 5-9 Results of the base configuration of the collective energy system. 

 

Fig. 5-10 Results for case 1 energy matching fractions on a winter and summer day. 
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5.2.1.2 Results collective case 2 

The addition of the smart control algorithm increases the OEMe and OEFe by a small fraction com-
pared to the base case. This has no influence on the summer dip in load noted in case 1. 

 

Fig. 5-11 Collective case 2 results for the energy fraction with smart control algorithm. 

In the winter scenario an obvious shift in load to the daytime can be detected. This increases the 
OEM, however it seem that the load peak is not exactly synchronous with the generation peak miss-
ing the opportunity to have full matching that day. 

 

Fig. 5-12 The daily output of collective case 2 show a different load profile than case 1 due to the DHC control algorithm. 

 

5.2.1.3 Results collective case 3 

In Fig. 5-13 the seasonal performance of collective case 3 is shown. Like in the previous cases a dip 
can be seen in district load and energy matching during the summer months. This does not however 
seem to influence the battery’s energy flow, which seems to be identical to individual case 3. 



61 
 

 

Fig. 5-13 Seasonal performance of the ESS and energy matching factors. 

 

Fig. 5-14 Daily profiles for the collective energy system with the small battery storage. 

5.2.1.4 Results collective case 4 

The results for the collective energy system with a large ESS indicate a larger energy matching than 
the smaller battery storage from the previous case. Especially during the spring and fall the ESS-line 
is visibly higher than is shown in Fig. 5-13. This is due to the higher electricity demand of the district. 

 

Fig. 5-15 Results on the energy matching the collective case 4 with a large battery storage system. 
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Fig. 5-16 Case 4 results for a day in winter- and summertime. 

 

 Comparison of collective system configurations 

The results on the energy matching indices of the collective energy system are divided into 4 cases. 
Each case represents a different configuration, as is described in Table 5-2. 

Table 5-2 Overview of the on-site energy matching performance for the collective system cases. 

Summary (year) Collective 
Case 1 – no ESS, no 
DHC smart control 

Collective 
Case 2 – no ESS, 

DHC smart control 

Collective 
Case 3 – small ESS, 
DHC smart control 

Collective 
Case 4 – Large ESS, 
DHC smart control 

Imported energy (MWh) 4331 4228 2801 2515 
Exported energy (MWh) 4563 4451 3024 2738 
OEMe 0.387 0.406 0.600 0.638 
OEFe 0.392 0.414 0.612 0.651 
Max import (kW) 2644 1778 1778 1778 
Max export (kW) 6710 6710 6584 6590 

 

When analysing the on-site energy matching data in a chart, it becomes apparent that the difference 
that the smart DHC control algorithm makes little impact. The potential to create power-to-heat en-
ergy flexibility is limited. The application of a battery storage system on the contrary does have a 
large impact on the RES self-consumption, the batteries are able to shift a substantial part of the 
daily fluctuations. The large battery does however indicate that there are limits to how much load 
can be shifted. The OEM and OEF fractions do not exceed the 0.650, because batteries don’t shift 
seasonal fluctuated loads. 
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 Side-by-side system comparison 
 
After both systems have been analysed in multiple configurations and have their performance as-
sessed, they are put side-by-side to compare them on the energy matching indices. There are three 
indices: peak load, on-site energy matching, and the amount of import and exported electricity.  

 Comparison of energy import and export. 

To get an indication how the energy import and export compares on a time domain, the hourly data 
is plotted as shown in Fig. 5-17. The data is smoothed in order to get a graph with readable lines, in 
reality the line fluctuates daily between 0 and the maximum import/export value. Therefore only 
seasonal behaviour can be analysed. 

 

Fig. 5-17 Comparison of energy import and export of the period of one year. 

The most optimal outcome would be a line that proximities the zero-line the closest. This would 
mean that the energy import or export is minimum. When comparing the energy systems it comes 
apparent that during the winter periods the collective system export visible less electricity. And dur-
ing the spring and summer period the collective system reverses this by exporting less energy to the 
utility grid than the individual system. This shows the seasonal storage effect of the collective system 
which causes the thermal system to consume less electricity. 

 System comparison overview 

To see how the systems compare on the energy matching indices, they are shown side to  side in Ta-
ble 5-3 for each comparing case. The bold numbers indicate the better value of the two system. 

Table 5-3 System performance on RES self-consumption, numbers are on annual basis. 

Summary (year) Case 1  Case 2  Case 3 Case 4  

 Collec-
tive 

Individ-
ual 

Collec-
tive 

Individ-
ual 

Collec-
tive 

Individ-
ual 

Collec-
tive 

Individ-
ual 

Imported energy (MWh) 4331 5291 4228 4958 2801 3501 2515 3048 
Exported energy (MWh) 4563 5037 4451 4862 3024 3406 2738 2989 
OEMe 0.387 0.398 0.406 0.419 0.600 0.593 0.638 0.643 
OEFe 0.392 0.387 0.414 0.415 0.612 0.580 0.651 0.636 
Max import (kW) 2644 3038 1778 2817 1778 2817 1778 2817 
Max export (kW) 6710 7637 6710 7652 6584 7388 6590 7414 
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Comparing the systems it is clear that the collective system wins the vast majority of the indices, and 
the times that the individual system wins it is only by a small margin. Based on the results shown in 
this table we could say that the collective system has a better overall energy matching performance.  

5.3.2.1 Maximum import and export power 

The maximum import and export of electricity is relevant to the capacity of the power grid. A higher 
maximum of import and export means higher investment cost due to the need for larger power 
components and cables. The most optimal value would be the lowest peak energy flows. 

 

Fig. 5-18 Comparison of maximum power (in kW) of imported and exported electricity for all cases and systems. 
When comparing the values shown in Fig. 5-18 it becomes apparent that the collective system scores 
lower power numbers than the individual system through all cases. It is interesting to see that the 
smart control algorithm is able to improve the value of maximum imported energy for both systems. 
This is due to the fact that it shifts the operation of the heating systems to the maximum generation 
period of the day. Another observation is that the battery storage system has no influence on the 
maximum values, this is in wintertime (max. import) due to the fact that the batteries are virtually 
not used due to lack of RES overcapacity, and in summer (max export) due to the fact that the bat-
teries cannot provide storage capacity to absorb the peaks, for an indication see Fig. 5-8. 

5.3.2.2 On-site energy matching and fraction 

The on-site energy matching determines what fraction of the generated electricity is used by the dis-
trict applications. The on-site energy fraction indicates the fraction of the loads is covered by the on-
site energy sources. 
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Fig. 5-19 OEM and OEF fractions for the collective and individual system for all configurations. 

It is apparent in Fig. 5-19 how the on-site energy matching and fraction are very similar between 
both energy systems. The most significant jump is from no battery storage to the small battery con-
figuration. The second largest jump is to upgrade the small ESS to the large variant. There is also a 
minimal difference between the first two cases, the introduction of smart control does have an ef-
fect. Because of the small investment cost it could be worth it nonetheless.  

5.3.2.3 Energy import and export 

The energy import and export of the grid is correlated to the energy matching indices OEM and OEF, 
but also correlated to the amount of generated an consumed power within the district. Since the 
collective system uses less power it will score better in energy import and export as is shown in Fig. 
5-20 below. 

 

Fig. 5-20 Comparison of energy import and export (MWh) over a year for all four cases and systems. 

The energy import and export are lower for the collective system. This is due to the lower power 
draw of the district heating and cooling system that translates in a lower power generation need and 
therefore smaller fluctuations. 
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6 Discussion 
 
The computational models are verified on a component level based on literature reports, and have 
not been validated by real life measurements. This means that there is a possibility that the results 
are biased, or lack precision and therefore can only be used as a performance indication. The models 
work with hourly data, the precision needed to simulate the exact power generation from PV is 
therefore not included. The domestic hot water and electricity demand are constructed based on 
average values and statistics from literature, the differences between users are not taken into ac-
count and is assumed that excess generation can effortless be used by another district user, creating 
an artificial average value in energy generation and consumption for all users. 

The thermal energy demand plays a limited role in the district’s energy equation. Due to low heating 
demand of the buildings in combination with the high coefficient of performance of the heat pump 
systems, the electricity demand by building applications becomes the largest electricity consumer. 
This means that the thermal systems can only exercise a limited role in the energy flexibility of the 
power grid. This becomes apparent in the small difference of on-site energy matching between indi-
vidual case 1 and 2, where a smart-control algorithm of the AHP only provides an additional 2% 
increase in energy matching.  

In order to provide the possibility to store electricity a microgrid with an optional battery system is 
created. The local microgrid is comprised of two grids: an AC and DC grid. The DC grid couples the 
RES with the ESS, and does so with a higher round-trip efficiency than a sole AC grid. The effect is 
that the battery can now store 216 kWh per unit instead of 210, and can provide 80 kW instead of 
50 kW for the AC version. The effect of the use of 48V DC home or office applications is not included 
in this report. According to literature this can lead to a fair decrease in power losses due to the ab-
sence of AC/DC converters, in this report the use of 48V DC is only mentioned to show a concept as 
part of a district energy system. 

The individual thermal system makes use of small air-source heat pumps, these are less efficient 
than the large industrial heat pumps of the district heating and cooling system, assumed a Carnot-
efficiency of 35% vs. 60% respectively. During the summer months, the central heat pump for district 
heating is switched off lowering the power consumption even further. The lower power consump-
tion of the central heat pumps is for a small part eradicated by the loads of the DHC network pumps. 
The collective system uses therefore 72.5% less electricity, this translates to 25% less district electric-
ity demand overall, including all district application power loads. 

One point of discussion that has not been specifically addressed by this report is the diversity of the 
RES. In this research project it is stated that all the generated energy should be on-site and consists 
therefore of 100% of PV-generation. This creates a significant seasonal and daily mismatch which 
cannot be stored by an ESS, during peak generation also resulting in a strain on the power grid, or 
that electricity is dumped to prevent overload. Diversifying the RES with for example, the addition of 
an off-site wind power source would decrease the amount of PV surface area needed, and increase 
the OEMe. Another point of conflict with full PV-generation is that with high-rise residential- and 
utility buildings there is not enough envelope area to install all the PV-panels required, for acquiring 
the NZEB specification. 



67 
 

7 Conclusion 
 
Two district energy systems that were studied in this research report are able to satisfy the energy 
objectives that were assigned to the case district. The main objective is to achieve a net zero energy 
community whereby all consumed energy is generated on-site, and with both solutions this is the 
case. The collective system requires less power to operate but requires an on-site heat source, in 
this case a large array of solar collectors.  

It appeared that the individual heating system concept struggled to generate enough energy to 
achieve NZEC specification. The limitations of the thermal energy systems obligated the electric part 
of the system to compensate for the heat deficit. This in part increases costs and energy mismatch, 
which will in its turn increase energy flow to and from the utility grid. The system’s ability to enhance 
self-consumption of renewable energy sources is also limited due to the low thermal energy demand 
in periods of excess RES generation. 

The main conclusion of this report is the recommendation of which district energy system would be 
the most appropriate for the case Brainport smart district in respect to the on-site energy matching 
performance. The results show that in general the collective system performs the best, with a visible 
lead on the indices ‘energy import/export’ and the ‘min./max. imported energy’. The collective dis-
trict energy system import less electricity during the fall and winter months, and exports less during 
the spring and summer months. A second aspect where the collective system wins is cost. The indi-
vidual system provides heat for €170/MWh, where the collective system is at €85,4/MWh. The best 
configuration for this system would be the small battery system. The small battery creates a sub-
stantial increase in on-site energy matching. The decrease in energy import and import causes that 
the battery of this size has a good return on investment and has a payback period of 7 years. 

8 Future research 
 
In this research report the fiscal aspect has been briefly mentioned. The collective system seems to 
show a lot of potential, although the concept is still not customary and has little exposure in the 
Netherlands. It will be interesting to see a comprehensive review of the financial aspect in the Dutch 
context. This could increase the publicity of this alternative that seems to be very successful in Den-
mark, a country which compares on many level with the Netherlands. 

A topic that has potential to improve the efficiency of the power grid within a district energy system 
is the addition of a local DC grid next to the regular AC grid. According to literature, efficiency gains 
of 10% are possible by using an extra 48V DC grid in buildings in combination with a 400V district bus 
compared to the use of a conventional AC grid. This would eradicate a significant share of the load 
on AC/DC converters in home applications and battery storage systems.  
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Appendix A: Simulink models 
Individual system – Building-level model 
 

 

 
 

Individual system – District-level model 
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Collective system – Building-level model 
 

 

Collective system – District-level model 
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Collective system – Subsystem models 

Subsystem DHC 

 

Subsystem ESS 
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Appendix B: S-functions & MATLAB functions 
 

 

S-function: Individual system – utility 
 

function sys=mdlOutputs(t,x,u) 

 

Qth = u(1);     % hourly thermal energy demand [kWh] 

V = u(2);       % hot and cold tank capacity [kWh] 

Qmax = u(3);    % Ambient temperature [oC] 

Ta = u(4);      % Ambient temperature [oC] 

Tpi = u(5);     % Temperature HP activation threshold [oC] 

Cdel = u(6);    % Delayed water tank content [kWh] 

c = 4178;       % specific heat [J/kg] 

rho = 1000;     % specific density water [kg/m3] 

 

if Cdel >= 0; 

Cmax = V*15*c*rho./3.6e6; % tank supply T = 35oC, return T = 5oC 

elseif Cdel < 0; 

Cmax = V*-15*c*rho./3.6e6; % tank supply T = 5oC, return T = 20 oC 

end 

 

% Cooling and heating differentiation 

% 

% Qclog = Qth<0; 

% Qhlog = Qth>0; 

% Qc = Qclog*abs(Qth); 

% Qh = Qhlog*Qth; 

 

% System control states (scs) 

 

Cth = 0.5*Cmax; % Threshold where below the electric heating coil will switch on [kWh] 

 

if Qth < 0 && Cdel > -Cth; % cold tank content insufficient, cooling demand 

    cs = 1; 

elseif Qth < 0 && Cdel < -Cth; % cold tank content sufficient, cooling demand 

    cs = 2; 

elseif Qth >= 0 && Cdel < Cth; % hot tank content insufficient, heating demand 

    cs = 3; 

elseif Qth >= 0 && Cdel > Cth; % hot tank content sufficient, heating demand 

    cs = 4; 

end 

 

% System operation according to state. 

 

switch cs 

 

    case 1 % cooling demand 

        Qhp = Qmax; 

        C = Cdel - Qhp - Qth; 

        Ehp = (1/0.42) * Qhp./((273.15+Ta)./(Ta-5)); 
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    case 2 

        if Tpi > Ta 

        Qhp = Qmax; 

        else Qhp = 0; 

        end 

        C = Cdel - Qhp - Qth; 

        if C < Cmax, C = Cmax; Qhp = Cmax - Cdel; end 

        Ehp = (1/0.42) * Qhp./((273.15+Ta)./(Ta-5)); 

 

    case 3 

        Qhp = Qmax; 

        C = Cdel + Qhp - Qth; 

        Ehp = (1/0.42) * Qhp./((273.15+35)./(35-Ta)); 

 

    case 4 

        if Tpi < Ta 

        Qhp = Qmax; 

        else Qhp = 0; 

        end 

        C = Cdel + Qhp - Qth; 

        if C > Cmax, C = Cmax; Qhp = Cmax - Cdel; end 

        Ehp = (1/0.42) * Qhp./((273.15+35)./(35-Ta)); 

 

end 

 

sys = [C;Qhp;Ehp;]; 

 

 

S-function: Individual system – residential 
 

function sys=mdlOutputs(t,x,u) 

 

Cdel = u(1);    % Delayed water tank content [kWh] 

Qth = u(2);     % hourly thermal energy demand [kWh] 

V = u(3);       % hot and cold tank capacity [kWh] 

Qmax = u(4);    % Heat pump power 

Epv = u(5);     % Ambient temperature [oC] 

EpvPID = u(6);  % Temperature HP activation threshold [oC] 

si = u(7); 

Ta = u(8); 

 

c = 4178;       % specific heat [J/kg] 

rho = 1000;     % specific density water [kg/m3] 

Cmax = V*55*c*rho./3.6e6; 

 

 

% System control states (scs) 

 

Ct1 = 0.4*Cmax; % Lower threshold [kWh] 

Ct2 = 0.9*Cmax; % Upper threshold [kWh] 
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if si == 1 

 

    if Cdel < Ct1 % tank content insufficient 

        cs = 1; 

    elseif Epv < EpvPID && Cdel >= Ct1 && Cdel < Ct2 % tank content average, no generation 

surplus 

        cs = 2; 

    elseif Epv >= EpvPID && Cdel >= Ct1 && Cdel <Ct2 % tank content average, generation 

surplus 

        cs = 3; 

    elseif Cdel >= Ct2 % tank content sufficient 

        cs = 4; 

    end 

 

    % System operation according to state. 

 

    switch cs 

 

        case 1 

            Qhp = Qmax; 

            C = Cdel + Qhp - Qth; 

            if C > Ct1, C = Ct1; Qhp = Ct1 - Cdel; end 

 

        case 2 

            C = Cdel - Qth; 

            %if C < Cth1, Qhp = Cth - Cdel; C = Cth; 

            Qhp = 0; 

 

        case 3 

            Qhp = Qmax; 

            C = Cdel + Qhp - Qth; 

            if C > Cmax, C = Cmax; Qhp = Cmax - Cdel; end 

 

        case 4 

            Qhp = 0; 

            C = Cdel + Qhp - Qth; 

 

    end 

 

else 

 

    Qhp = Qth; 

    C = 0; 

 

end 

 

COP = 0.35*(273.15 + 60)./(60 - Ta); 

Ehp = Qhp./COP; 

 

 

sys = [C;Qhp;Qth;COP;Ehp;]; 
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S-function: Individual system – ESS 
 

function sys=mdlOutputs(t,x,u) 

 

Cdel = u(1);    % Storage content from previous iteration [kWh] 

n = u(2);       % number of battery packs 

EB1 = u(3);     % Electricity balance - Terraced dwellings [kWh] 

EB2 = u(4);     % Electricity balance - Detached houses [kWh] 

EB3 = u(5);     % Electricity balance - Apartment buildings [kWh] 

EB4 = u(6);     % Electricity balance - Secondary school [kWh] 

EB5 = u(7);     % Electricity balance - Office #1 [kWh] 

EB6 = u(8);     % Electricity balance - Office #2 [kWh] 

 

 

Cmax = 220*n; % maximum capacity [kWh] 

Pmax = 50*n; % maximum  power [kW] 

Cth = 0.5*Cmax; % Threshold where below the electric coil will switch on [kWh] 

 

Edist = EB1 + EB2 + EB3 + EB4 + EB5 + EB6; 

 

% ESS control states 

 

if Edist < 0 && Cdel < Cth;        % Battery charge is below threshold, district balance 

negative 

    cs = 1; 

elseif Edist >= 0 && Cdel < Cth;    % Battery charge is below threshold, district balance 

positive 

    cs = 2; 

elseif Edist < 0 && Cdel >= Cth;    % Battery charge is above threshold, district balance 

negative 

    cs = 3; 

elseif Edist >= 0 && Cdel >= Cth;    % Battery charge is above threshold, district balance 

positive 

    cs = 4; 

 

end 

 

% System operation according to control state. 

 

switch cs 

 

    case 1 % ESS is 'empty', negative balance (gets drained further) 

        Ess = -Cdel*0.5; 

        if Ess < Edist, Ess = Edist; end % error! 

                if Ess < -Pmax, Ess = -Pmax; end 

        Cess = Cdel + Ess; 

        Eug = Edist - Ess; 

 

    case 2 % ESS is 'empty', gets charged 

        Ess = Edist; 

        if Ess > Pmax, Ess = Pmax; end 

        Cess = Cdel + Ess; 

        if Cess > Cmax, Cess = Cmax; Ess = Cmax - Cdel; end 

        Eug = Edist - Ess; 
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    case 3 % ESS is 'full', negative balance, gets drained 

        Ess = Edist; 

        if Ess < -Pmax, Ess = -Pmax; end 

        Cess = Cdel + Ess; 

        Eug = Edist - Ess; 

 

    case 4 % Ess behavour above threshold 

        Ess = 0.5*(Cmax - Cdel); 

        if Ess > Edist, Ess = Edist; end 

        if Ess > Pmax, Ess = Pmax; end 

        Cess = Cdel + Ess; 

        Eug = Edist - Ess; 

 

end 

 

sys = [Cess;Edist;Eug;Ess;]; 

S-function: Collective system – Residential 

 

function sys=mdlOutputs(t,x,u) 

 

Cdel = u(1);    % Delayed water tank content [kWh] 

Qth = u(2);     % hourly thermal energy demand [kWh] 

Cmax = u(3);    % hot and cold tank capacity [kWh] 

Qmax = u(4);     % Maximum heat supply DHC grid [kW] 

Epv = u(5); 

EpvPID = u(6); 

si = u(7); 

 

Cth = 0.4*Cmax; 

 

if si == 0 

 

    C = 0; 

    Qdhc = Qth; 

 

else 

    if Epv > EpvPID 

 

        Qdhc = Qmax; 

           if Qdhc + Cdel > Cmax 

              Qdhc = Cmax - Cdel; 

           end 

    else 

        Qdhc = 0; 

 

        if Cdel < Cth 

            Qdhc = Qmax; 

        end 

    end 

 

    C = Cdel - Qth + Qdhc; 

end 

 

sys = [C;Qdhc;Qth;]; 
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S-function: Collective system – DHC 
 

INPUT PARAMETERS 

Th = u(1);        % Temperature incoming water from STESS [kWh] 

Tc = u(2);        % Temperature outgoing water to STESS [kWh] 

Qth1 = u(4);      % Thermal demand - Terraced dwellings [kWh] 

Qth2 = u(6);      % Thermal demand - Detached houses [kWh] 

Qth3 = u(8);      % Thermal demand - Apartment buildings [kWh] 

Qth4 = u(10);     % Thermal demand - Secondary school [kWh] 

Qth5 = u(12);     % Thermal demand - Office #1 [kWh] 

Qth6 = u(14);     % Thermal demand - Office #2 [kWh] 

 

c = 4178;   % specific thermal capacity water 

etac = 0.60; % Carnot-efficiency industrial heat pumps 

g = 9.81;  % gravitational acceleration [m/s2] 

THERMAL ENERGY DEMAND DISTRICT 

Qth4hl = Qth4>0; 

Qth4h = Qth4hl*Qth4; 

 

Qth4cl = Qth4<0; 

Qth4c = Qth4cl*Qth4; 

 

Qth5hl = Qth5>0; 

Qth5h = Qth5hl*Qth5; 

 

Qth5cl = Qth5<0; 

Qth5c = Qth5cl*Qth5; 

 

Qth6hl = Qth6>0; 

Qth6h = Qth6hl*Qth6; 

 

Qth6cl = Qth6<0; 

Qth6c = Qth6cl*Qth6; 

 

Qdh = Qth1 + Qth2 + Qth3 + Qth4h + Qth5h + Qth6h; % demand District Heating net 

Qdc = Qth4c + Qth5c + Qth6c;                      % demand District Cooling net 

 

Qhp1 = Qdh; 

Qhp2 = Qdc; 

 

Tdh = 60; 

Th2 = Th; 

 

COP1 = etac*(273.15 + Tdh + 20)./(Tdh + 20 - (Th - 10)); 

COP2 = etac*(273.15 + 7 - 10)./(Th2 + Tc - 10); 
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HEAT PUMP OPERATION 

Tout_hx = 30; 

Tout_hp1 = 10; 

 

if Th > 60 

 

    mdot_hx1 = 3.6e6*Qdh ./ (c*(Th - Tout_hx)); % direct heat exchange to DH 

    Ehp1 = 0; 

    COP1 = 0; 

 

elseif Th <= 60 

 

    mdot_hx1 = 3.6e6*Qdh ./ (c*(Th - Tout_hp1)); % heat pump to DH 

    Ehp1 = Qhp1./COP1; 

 

end 

 

    mdot_hx2 = abs(3.6e6*Qdc ./ (c*(Tc - Th))); 

    Ehp2 = Qhp2./COP2; 

 

%%%% DHC pump losses 

 

Qloss = 74.4;   % thermal losses from heat grid [kWh] 

Qload1 = (Qdh + Qloss)./4; 

Qload2 = (Qdh + Qloss)./16; 

Qload3 = (Qdh + Qloss)./64; 

 

m1 = Qload1./(c*(55 - 25)); 

m2 = Qload2./(c*(55 - 25)); 

m3 = Qload3./(c*(55 - 25)); 

 

r1 = 0.06; r2 = 0.033; r3 = 0.02; % pipe radii 

A1 = r1.^2*pi; A2 = r2.^2*pi; A3 = r3.^2*pi; % pipe section areas [m2] 

v1 = m1./A1; v2 = m2./A2; v3 = m3./A3;  % velocity of water flow [m/s] 

L1 = 6456; L2 = 10016; L3 = 23400; 

f1 = 0.0101; f2 = 0.0132; f3 = 0.0168; 

K1 = f1*L1./(2*r1); K2 = f2*L2./(2*r2); K3 = f3*L3./(2*r3); 

mdot_dh = (Qdh + Qloss)./(c*(55-25)); % kg/s 

 

H1 = K1 * v1.^2 ./(2*g); 

H2 = K2 * v2.^2 ./(2*g); 

H3 = K3 * v3.^2 ./(2*g); 

 

Hdh = H1 + H2 + H3; 

 

eta = 0.8;      % pump efficiency 

eta_m = 0.9;    % electric motor efficiency 

 

Epump = 0.001*g*mdot_dh*3600*Hdh./(eta.*eta_m); %[kW] 

 

Edhc = -(Ehp1 + Ehp2 + Epump); 

 

sys = [mdot_hx1;mdot_hx2;COP1;COP2;Edhc;Qdh;Qdc;Qloss;Epump;mdot_dh;]; % Qdh = mdot_bal 

%end mdlOutputs 
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MATLAB Function: Irradiation solar RES  
 

function Isp = Isp_fun(tilt,orient) 

% Function determining the specific irradiation on PV and solar collector panels. [kW/m2] 

 

t = 1:365*24; 

 

ta = tilt; % tilt angle RES [degrees], horizontal = 0 deg. 

oa = 24*(180 - orient)./360; % orientation angle [deg.], south = 0 deg, west = 90 deg, etc. 

 

% Angle in latitude 

 

sa = 38 * sin((t-7)*2*pi./(24)) - 23.5 * sin((t+101.25*24)*2*pi./(365*24)) - 90 + ta;  

 

lap = zeros(1,t(end)); % Apparant length [-] 

 

for i = t 

 

    if sa(i) > ta-90 

        lap(i) = cosd(sa(i)); 

    else lap(i) = 0; 

    end 

 

end 

 

% Angle in azimuth 

 

az = real(exp(1i*(t-2+oa)*2*pi./24)); 

 

wap = zeros(1,t(end)); % Apparant width [-] 

 

for i = t 

 

    if az(i) > 0 

        wap(i) = az(i); 

    else wap(i) = 0; 

    end 

 

end 

 

Aeff = wap.*lap; % solar area factor 

 

mt2014 = load(fullfile('D:','TU Eindhoven','4. 

Graduation','Model','HAMBase11AprJvS','mt2014.mat')); 

 

Idif = mt2014.mt2014(:,1)*0.001; 

Idir = mt2014.mt2014(:,3)*0.001; 

 

Isp = zeros(1,t(end)); 

 

for i = t 

 

Isp(i) = Aeff(i) * Idir(i) + cosd(tilt./2).^2.*Idif(i); %specific irradiation [kW/m2] 

 

end 
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