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Abstract 

The biggest challenge that we face in the 21
st

 century is global warming and increasing CO2 emissions. To 

reduce CO2 emissions, renewable energy sources are imported because they have no direct emissions . The aim 

of the present study is to investigate if the municipality of ‘s -Hertogenbosch has possibilities to cost-effectively 

reduce 80% of the building related CO2 emissions for industrial park de Brand by increasing renewable energy 

generation. The industrial park has a surface area of 9 ha. On-site buildings are offices and distribution centres. 

Currently the consumption figures are 25 GWh for electricity and 18 GWh for heating. To investigate the 

possibilities, three different district retrofit configurations are proposed (combinations of wind, solar and/or 

electricity storage and heat-pumps). The complexity increases for each configuration. The first proposal 

considers the available rooftop area as a constraint for solar PV. The second configuration is a near future district 

retrofit. It includes office heating by applying heat-pumps. The third proposal is an all-electric district. This 

explores the full renewable energy potential of the case-study. To assess the district retrofit configurations , they 

are simulated in EnergyPlan and compared to the current situation. The performances are evaluated by their 

potentials to reduce the CO2 emissions, cover the demand, and self-consume the generated energy for three 

different scenarios; Net-metering, on-site electricity storage and no net-metering. A cost-benefit analysis is done 

to show the possible financial benefits of the proposed district retrofits. The obtained results reveal that the all-

electric district is able to reduce 84% of the CO2 emissions, if on-site electricity storage is considered. However, 

the all-electric district also shows that large quantities of energy must be exported to the grid because the total 

generated energy exceeds the demand. This shows that sizing the supply system to meet the demand leads to an 

oversized system. Moreover, the needed investment shows that this configuration is hardly cost-effective due to 

the grid interactions and amount of energy transported to the grid. The other retrofit configurations show that if 

net-metering is considered, 93-97% of the demand can be generated on-site. However, the viability of this 

scenario depends on local grid policy. If net-metering is not possible, electricity storage increases self-

consumption by 18-19%. Payback periods are ranging from 7-18 years. The approach, developed in this study, 

can be adopted to evaluate carbon reduction possibilities in other case-studies. 
 

Key Words: District heating, Renewable energy, Performance simulation, CO2 reduction, Energy planning, 

Grid interaction,  Economic assessment. 

-------------------------------------------------------------***-------------------------------------------------------------- 

 1 Introduction 

1.1 Motivation 

The municipality of ‘s-Hertogenbosch set clear goals 

that must be accomplished before 2050 regarding CO2 

emissions. Together with increasing awareness to shift 

the current energy supply are the main motivators to 

perform this study. Reducing CO2 emission is a broad 

subject that encompasses many facets, however  this 

study focusses on reducing CO2 emissions by integrating 

renewable energy in the energy supply system. The 

scope of this study is to investigate if the municipality 

has possibilities to reduce the building related CO2 

emissions by 80% in the future. . Many preliminary 

studies have been conducted about why it is of 

importance to focus on renewable energy 

generation[1][2][3]. One of the most quoted definition 

of sustainable development came from Our Common 

Future, written by the commission of Brundtland in 

1987[4]: 

 

`Sustainable development is development that meet  the needs of  

the present without compromising the ability of  future generations 

to meet their own needs`. 

 

1.2 Background  

One of the biggest challenges that we face in the 21st 

century is global warming and the depletion of fossil 

fuels[5]. As a consequence, the anthropogenic 

greenhouse gas emissions (GHG) have increased, 

especially CO2 emissions [5]. Most CO2 emissions are 

emitted by burning fossil fuels to generate energy[6]. In 

the European Union (EU), the built environment 

accounts for 40% of the total energy consumption and 

36% is related to CO2 emissions[7][8]. The depletion of 

fossil fuels and increasing energy prices calls for 

measures to increase renewable energy generation[9], so 

the urge of rethinking the current energy system is 

undeniable. To stimulate renewable energy, the Kyoto 

Protocol was developed as an international policy with 

emphasis on climate change. Their aim is to reduce 80% 

of the CO2 emissions compared to 1990 CO2 emissions 

before 2050[10].  

 

To achieve developed goals, energy from renewable 

energy sources(RES) is of utmost importance[11]. The 

measures described in [7][12][13][14] are important in 
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the acceleration to create a more sustainable energy 

system, decarbonizing the environment. There are many 

reasons, amongst them the CO2 emissions, to change 

the current energy system[15]. The main obstacle for the 

development of renewable energy systems is that fossil 

fuels are cheaper, despite their environmental 

effects[15]. Economic incentives are therefore needed to 

make renewable energy more attractive. For example 

increasing the price for fossil fuels.  

 

Another challenge related to these type of systems is 

the intermittency of RES. Some renewable sources will 

fluctuate throughout the day, as they depend on 

environmental variables like solar and wind. The 

environmental dependency may cause problems in the 

energy security, which must be addressed. There are 

already energy systems which incorporate energy 

generation from RES like Photovoltaic (PV) panels or 

wind energy (both off-shore and on-shore) [16][17]. 

Solar and wind energy will increase the energy 

production from renewables, but they will also increase 

the mismatch that exists between the generation and 

demand. Which can lead to high quantities of energy 

that must be exported to the grid. This problem will be 

even more severe when considering large scale 

renewable energy systems[18].  

 

To compensate the high amounts of energy exports 

or imports from the grid, one alternative can be resizing 

the current grid connection; replacing grid-cables, 

capacitors; rearranging the voltage and frequency 

regulation in sub-stations[19]. Decreasing the mismatch 

by improving the on-site matching (generated energy 

used in demand) capability will however be a much 

more cost-effective solution, among others, managing 

building installation, since the other options are time-

consuming and expensive [18][20]. In some EU 

countries like Spain, Germany, UK and in the 

Netherlands,  it is encouraged by several policies to 

increase the self-consumption from on-site renewable 

energy systems[15]. Moreover, the feasibility of 

renewable energy systems will increase because in many 

countries the grid operators are constructing more 

transmission lines instead of power plants[15]. These 

extra lines, are not only cheaper, but it also allows more 

renewable energy to be implemented due to the added 

transmission capacities. This makes it more reasonable 

to incorporate large scale renewable energy systems as 

the extra transmission capacity can distribute the excess 

renewable energy[15]. Moreover, the additional 

renewable energy will decrease the overall CO2 

emission, increasing the changes of achieving the goals 

[10][15].  

1.3 Problem definition and research questions 

The municipality of ‘s-Hertogenbosch wants to 

decrease their CO2 emissions by 80% before 2050[21]. 

To achieve these CO2 reductions, measures are needed 

to create a sustainable environment. Among these 

measures, one will focus on increasing the renewable 

energy production[22]. This study uses a stepwise 

approach and proposes different district retrofit 

configurations  to see if it already is possible, technically 

and financially, to achieve the CO2 reduction goal. The 

potentials of the different district retrofits are explored 

for a case-study. The case-study is an industrial park in 

‘s-Hertogenbosch with a surface area of 9ha² and 

important businesses on the industrial park, among 

others, are small-scale production and consultancy 

firms. The case-study will be connected to the public 

grid where excess renewable energy production can be 

either stored or exported to be used elsewhere outside 

the case-study boundary.  

The main objective for this study is to explore if the 

municipality has possibilities to increase the share of 

renewable energy and decrease the CO2 emissions to 

reach their long-term goals. It will be done at a technical 

and financial level. The aim is to investigate what the 

technical specifications of a district retrofit 

configuration is in order to decrease 80% of the CO2 

emissions, compared to 2015 as a reference year[23]. An 

economic assessment is done to examine the financial 

benefits of different district retrofit configurations. The 

research question of this study is: 

 

 “What are the technical specif ications of  an on-site renewable 

energy system for industrial park de Brand in ‘s-Hertogenbosch 

which can cost-ef f ectively reduce the on-site CO2 emissions by 80% 

in the future and increase the penetration of  renewable energy?” 

 

From the main research question, the sub-questions 

are: 

1) What are the on-site renewable generations 

opportunities for industrial park de Brand? 

2) How much of the on-site generated renewable 

energy can be used within the case-study 

demand and what is the effect on grid imports? 

3) What are the financial benefits of the renewable 

energy systems and what are the implications?  

1.4 Report outline 

This study is structured as follows:  

1. Section one introduces the study by background 

information of relevant and similar topics and 

set out the objectives and research questions. 

2. Section two provides information about the 

case-study that is investigated during this study. 

3. Section three describes the used approach for 

this study. It will provide information on how 

data is collected and explains which assumption 

were made. This section also includes a local 

renewable energy potential study. Furthermore 

the district retrofit configurations are 

introduced and explained why they are 

investigated. Lastly the section includes the 

simulation tool that is used and described the 

used key performance indicators  to evaluate the 

district retrofit configurations . 

4. In Section four, the obtained simulation results 

are presented. 

5. Section five provided a in depth discussion on 

the obtained simulation results and relevant 

discussion topics are introduced 
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6. Section six contains the conclusions, 

recommendation and further research 

possibilities. 

 2 Case-study 

The case-study for this study is de Brand in ‘s-

Hertogenbosch and is shown shown in Figure 1 (a larger 

image is included in Appendix A). The total surface area 

of the case-study is 9 ha². It is one of the largest 

industrial terrains within the municipality, and is located 

next the highway (highway A2). Important businesses 

that are located on-site are, ICT related, wholesale, 

small-scale production, consultancy firms and 

distribution centres. Also, there are some car workshops 

and there is a distribution centre of PostNL (the Dutch 

postal service provider having a day and night schedule). 

The on-site constructed buildings,  a total of 58,  can be 

categorized in different typology. The distribution and 

storage buildings represent a large part of the total 

surface area.  

 

 
Figure 1: Overview of the case-study "de Brand" in 's-

Hertogenbosch. 

 

In total there are 33  distribution and storage 

buildings, 21 office buildings, 3 car workshops and 1 

PostNL centre. The most important characteristics of 

the case-study buildings are listed in Table 1. 

 
Table 1: Building typology and estimated total floor area and 

corresponding rooftop area 

Nr. Building type n Gross area 
[m²] 

Rooftop area 
[m²]  

1. Offices 21 + 81730 + 36473 

2. Distribution 
centres and 

storage 

33 + 143720  + 72946 

3. PostNL centre 1 + 28025 + 9726 

4. Car workshop 3 + 3000  + 2431 

2.1 On-site buildings 

The whole plan for the industrial area was developed 

in 1996. The construction of most buildings started in 

1998 and 1999. Some buildings are constructed in recent 

years. All the constructed buildings and the on-site 

situated companies are given in Appendix A. According 

to the 1992 Dutch building legislation[24], the U-value 

of the building in between 1998 and 1999 had to be not 

higher than 0.4 W/m²K. Whereas for more recent 

buildings not higher than 0.2 W/m²K .  

 
Figure 2: Case-study buildings 

 

 Figure 2 shows some buildings situated on the case-

study. The office- and distribution centre buildings 

together cover over 80% of the total floor area. A 

characteristic of the case-study is that it houses 

ICT/consultancy related companies, and most of the 

occupied buildings are offices. However, the distribution 

centres cover over 50% of the floor area of the case-

study. Furthermore, the case-study does not have 

industry related building with waste heat from 

production processes. This eliminates the possibilities of 

using waste-heat from industrial processes for re-use to 

partially cover any heating demand.  

2.1.1 Energy supply and demand 

The case-study currently imports energy from the 

grid, . No RES are applied within the case-study 

boundary. All consumed energy is directly imported 

from the public grid, both for electricity and gas 

consumption. 

 

 It is important to make a distinction between 

electricity and gas. In the Netherlands, gas is mainly 

used for heating purposes. Therefore, the energy 

demand for the case-study was broken down in two 

main categories, namely 1) Electricity and 2) Heating 

demand. The electricity consumption for the case-study 

includes lighting, cooling, ICT and occupant driven 

loads. The gas consumption only includes the heating 

supply from gas-boilers. The required data to determine 

the hourly energy demand was not available because the 

consumption profiles of the case-study buildings were 

lacking or not monitored. So, for this study the data was 

collected on an annual level, obtained from 

Energieinbeeld[23], which is a consortium of the Dutch 

grid and gas operators. They collect annual consumption 

and generation data at municipal and regional (within a 

municipality) levels, in order to help municipalities (and 

government) to reach their climate goals and give insight 
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in their energy consumption and generation. The annual 

electricity and gas consumption from 2011-2016 for the 

de Brand is shown in Table 2. 

 
Table 2: The annual consumption figures for electricity and 

heating and their corresponding CO2 emissions in  GWh and 

million kg. 

 
2010 2011 2012 2013 2014 2015 

Electricty (GWh) 25,87 25,64 23,88 24,56 24,20 24,44 

Heating (GWh) 18,86 19,04 14,31 15,85 14,49 15,13 
CO2 emissions 
(million kg) 18,70 18,60 16,70 17,38 16,92 17,18 

 

From these annual consumption figures, the average 

demand over these years is used, for electricity this is 

24.77GWh and for heating it is 16.28GWh. 

Corresponding to 0.21GWh per office building, 

0.3GWh per distribution center, 7GWh fort the PostNL 

building and 0.08GWh for the car garages. 

2.2 Constraints  

There are some constraints attached to the case-

study. The project is intended to investigate the 

possibilities of different district retrofit configurations 

for the case-study, so the constraints are mostly related 

to the available space for the renewable energy sources 

within the case study boundary. The main constraints 

can be compacted to: 

- Not all the rooftop area, given in Table 1 is 

available for RES. A quick analysis is done to 

select the available rooftops, taking obstacles 

and south faced areas into account. This led to 

an available area of 60%, which is +72946m². 

The green available area can also be used for 

RES like solar energy, which is an additional 

40000m².   

- The geographical layout of the case-study, can 

consider a maximum of 4-5 wind turbines. This 

was already investigated by the municipality, 

given in[25]  

These constraints will limit the possibilities for 

renewables to be installed within the case-study 

boundary. 

 3 Approach 

This section describes the approach that is used for 

this study. The approach, show in Figure 3, is divided in 

four steps that group the main activities to define the 

different district retrofit configurations .  

 

 
Figure 3: Grouped activities that form the approach of this 

study 

 

This study considers the demand and supply side of 

the energy system. This allows different system designs 

which can be adjusted in the future for new 

opportunities for the municipality. The starting point of 

the project consisted of annual demand figures related 

to the electricity and gas consumption [23]. The first 

step of the project was to determine how the energy 

consumption is fluctuating throughout one year. The 

next step is to analyse the potential of on-site renewable 

energy supply, taking into consideration  the spatial 

constrains of the case-study. In this study, different 

system configurations are selected and different 

scenarios are evaluated through performance indicators. 

These are presented, discussed to conclude with some 

conclusions and recommendations. 

3.1 Estimation of the district demand  

In cases where a whole district will be represented in 

one demand profile, it often occurs that there is a lack 

of available data. The data either can’t be 

obtained/requested from the building owner or is not 

monitored. In these situations, estimating the building 

demand profiles throughout the year for each building 

of the case-study will be quite challenging. For this case-

study, it was not possible to obtain this energy demand 

data . Therefore, another approach is used to estimate 

the building demand profile in a year. Based on the 

limited data the district demand was estimated. The 

approach is shown in Figure 4.  
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Figure 4: Approach to estimate the district energy demand for 

this study 

 

As a first reference, the national electricity 

distribution, accessed through [23]  (shown in the 

appendix) was taken and its demand pattern was 

analysed. This revealed that there were peak demands 

from 18:00 – 21:00, which indicated that domestic 

consumption was also included in the distribution. 

Regarding the case-study, because there are commercial 

buildings on-site, there will be differences in terms of 

demand peaks. Working hours of the case-study are 

from 07:00 – 19:00, thus the national distribution must 

be adapted to the case-study working hours. To have a 

more realistic estimation, the electricity consumption 

data from the a building situated on the case-study was 

also collected and used as a second reference. The 

chosen building that is used as second reference was the 

Kuijpers building. They monitor their electricity and 

heating consumption to understand their consumption 

patterns. All other building are built in the same period 

as the Kuijpers building and it can serve as a more 

realistic building demand profile for the case-study Both 

distributions are normalized to see the magnitude of the 

fluctuations and are adjusted to fit the annual demand, 

shown in Figure 5. Concerning the heating demand of 

the case-study, only the data collected from the Kuijpers 

building was used as a reference distribution. As a 

consequence of the used approach, it will bring 

associated uncertainties with it which will influence the 

results. As only one building on-site is analysed (the 

Kuijpers building) the distribution of the whole case-

study  can deviate from the adjusted distribution used 

for this study. Furthermore future demand will also 

influence the distribution.   

 

 
 
 Figure 5: demand profiles that were extrapolated to fit  the 

annual electricity (top) and heating (bottom) demand of the case-

study area. 

3.1.1 Energy demand breakdown 

The case-study buildings are mostly commercial 

(Offices, distribution centres). However, only a few 

sources offer insight on data per building typology. 

Moreover, there is no uniform consensus on 

classifications in energy demand for these typologies. 

From the available data from the Dutch central 

statistical firm (CBS) and the national energy 

consumption databank [26] together with 

senternNovem, the average primary energy 

consumption in office buildings in the Netherlands was 

used to break down the annual energy demand of the 

case-study, shown in Figure 6. 

 

 
Figure 6: Average primary energy consumption for an office 

building situated in the Netherlands  

 

This show that most of the energy is consumed for 

space-heating and lighting, whereas a small part of the 

consumption is related to plug-loads. Figure 6 is used as 

a reference to divide the electricity and heating demand 

for the case-study. For that reason, 60% of the total 
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energy demand is electricity demand and 40% is heating 

demand, which is divided over the on-site buildings. For 

the electricity part, which is the focus of this study, the 

division of demands are shown in Table 3. 

Table 3: Indication of the electricity demand per building type 

for the case-study. The electricity demand for the average demand 

over the period 2011-2015 

 E (%) E (kWh) E 
(kWh/
m²) 

E(kWh 
building) 

Office 18 % 4458600 55 212314 

Distribution 50 % 12385000 86 364265 

PostNL 31 % 7678700 274 7678700 

Car garage 1 % 247700 83 82567 

Total 100% 24770000 -  

3.2 Local renewable energy potentials 

To investigate the possible renewable technologies, 

the case-study characteristics were taken into account 

and the available RES are listed in Table 4 

 
Table 4: Available renewable energy sources for the case-study  

RES available in the Netherlands  on applications 

PV 

x 

Wind 

x 

Biomass 

x 

Hydro 

x 

Geothermal 

x 
 

x : high-potential          x : medium -potential         x : low-potential 

 

Many RES were considered for this project, an initial 

evaluation of their applicability to the project is shown 

in Table 5. In order to quantify and select the most 

suitable RES, three criteria were a taken into account 

during the selection. 

1) Widely applied and maturity of the technology? 

2) The energy yield of the technology? 

3) Can the technology satisfy the demand of the 

case-study? 

The renewable energy system is assumed to be 

installed within the case-study boundary. This, in 

practice, means that the on-site RES are located on or 

adjacent to the area. Looking at the case-study 

characteristics, shown in Figure 1, geothermal, hydro-

electricity and tidal power are the least favourable 

technologies to apply because of the practical reasons. 

Geothermal is most related to the heating demand, 

which is not included in this study, whereas tidal power 

requires a current of water. There is current, however 

not available for tidal power generation. The river is 

used as transport for cargo ships, the same reason 

applies to hydro-electricity. 

 
Table 5: Available renewable energy sources for the case-study 

and the assessment for applicability 

 Method Characteristics Technology 

Solar Photo 
voltaic 

cells 

Intermitted of 
nature, 

fluctuations  

Proven and 
applicable, 

inexpensive 

Wind Wind 
turbine 

Intermitted of 
nature, 

fluctuations 

On-shore 
and off-shore 

proven, 
moderate 

costs 

Biomass CHP- Constant Standard, 

system power, long 

start up and 
maintenance 

intensive 

inexpensive 

Electricity 
and heating 

Hydro-
electricity 

Hydro-
turbine 

plus 
generator 

Constant 
power, long 

start  
up/shutdown 

time 

Reliable and 
high efficient 

Geothermal Deep 
bore 

hole 

Constant 
power, long 

start  
up/shutdown 

time 

Reliable 
Heating 

Tidal power Barrage, 

hydro-
turbine, 

generator 

Dependant of 

location of 
application 

Proven 

effective 

 

This leaves three suitable options for the case-study. 

Two of them can be classified as intermittent 

generations sources, which are wind and solar. These 

technologies are widely proven to be effective and 

efficient and they can form the base for the renewable 

energy system. Another technology is biomass energy. It 

can be classified as a renewable  energy source, but it has 

constraints to it. The first one is that it requires space 

for the biomass plant and the biomass needs to be 

transported to the case-study. However, for this study it 

will not be as interesting to include, as the focus of this 

study is to investigate the potentials of RES to cover the 

electricity demand. Therefore the waste-heat from 

biomass will not be considered as it requires a 

completely different system configuration/layout. 

Therefore, for the renewable energy proposals, this 

study considers wind- and solar energy. 

3.2.1 Wind energy – on-site potentials 

Wind energy is among others, one of the best renewable 

energy source to generate high quantities of renewable 

energy. It is clean, affordable, safe and available within 

the long term [27]. To calculate the wind energy 

production, two parameters are needed. The capacity of 

the wind turbine and the wind profile distribution of the 

location. For this study, data at the nearest weather 

station from ‘s-Hertogenbosch is selected to represent 

the expected wind-speeds at the case-study, which is 

airbase Volkel. The data that is measured at 10m, taken 

from The Royal Netherlands Meteorological Instutute 

(KNMI), is converted to the height of the chosen wind 

turbine in order to see its energy potential. The 

municipality already did a feasibility study to install wind 

turbines at the case-study site, in 2014 [25]. Therefore a 

widely applied horizontal axis wind turbine with a 

maximum capacity of 3.0 MW is chosen in this study, 

from manufacturer Vestas. Technical specifications of 

the chosen wind turbine are listed in Table 6[28]. 
 

Table 6: Technical specifications of the Vestas V90 wind 

turbine [58] 

Vestas V90 – 3.0 MW 
Capacity 3.0 MW 
Cut-in wind speed 3.5 m/s 
Cut-out wind speed 25 m/s 
Re-cut wind speed 20 m/s 



 

Page 8 of 39 

 

Blade and hub data 

Hub height 80 m 
Rotor diameter  88 m 
Swept area 6,362 m² 

3.2.1.1 On-site energy potential 

The generated electricity is expressed by its power 

output Pwt. The delivered electrical power Pwt at a  given 

hour is dependent on the wind speed v and the power 

curve of the wind turbine, calculated by[29][30]:  

𝑝𝑤𝑡 =  𝑅𝑐𝑤
𝑣𝑘−𝑣𝑐

𝑘

𝑣𝑟
𝑘−𝑣𝑐

𝑘 for Vc < V < Vr  (1) 

     

𝑝𝑤𝑡 = 𝑅𝑐𝑤  for Vr < V < Vf (2) 

 

The power production pwt is proportional to the 

power-curve of the wind turbine and wind speed [29]. V 

is the wind speed at the turbine height, k is dependent 

on the power curve (Appendix A) and vc vr vf are the 

cut-in, rated and cut-out wind speeds. To calculate the 

wind-speeds at the turbine hub-height, a logarithmic 

method which includes the roughness of the terrain is 

used,  calculated by: 

𝑣𝑧 = 𝑣𝑧 ,𝑎𝑛𝑒𝑚  
(ln (

ℎ2
𝑧0

))

(ln (
ℎ1
𝑧0

))
    (3) 

 

Where z is the turbine hub height, z0 the roughness 

length, h1 and h2 is the reference and hub-height 

respectively. vz,anem is the wind-speed at the anemometer 

and vz is the wind-speed at the hub-height in m/s. The 

roughness length z0 is assumed to be 0.25. The 

calculated wind speeds and corresponding and yearly 

production is shown in Figure 7. The calculated yearly 

power production of chosen turbine is 6.04 GWh with a 

capacity factor of 20%. 

 
Figure 7: wind production profile for a winter month (top 

figure, solid line) plotted against the wind speed (top figure, dashed 

line) and the simulated yearly production profile of one 3MW with 

a capacity factor of 20% (bottom figure). 

3.2.2 Solar energy – on-site potentials 

Beside wind energy, solar energy is also a considered 

in this study. To calculate the solar energy potential 

from photo-voltaic panels (PV), some parameters need 

to be taken into account. The amount of solar 

irradiation is the most influential parameter that 

determines the solar potentials. On average the 

Netherlands receives 1000 kWh/m²/a [31], which is 

distributed several categories throughout the 

Netherlands. The location of the case-study, receives on 

average 365 – 370 kJ/cm² solar irradiation. The used PV 

panel is a 0,26 kWe/module, specifications of the 

selected PV module are listed in Table 7.  

 
Table 7: Photo voltaic panel specification used for the 

EnergyPlan model calculation [32] 

Specifications Unit value 

Max power output 260  W 

Module area 1.64 m² 

Efficiency 15.88% 

 

3.2.2.1 On-site energy potential 

The received solar irradiation distribution is shown 

in Figure 8.  

 

 
Figure 8: received radiation in kWh/m² for the case-study 

 

Considering the limited available space (Table 1), a 

maximum of 60% of the gross rooftop area can be used 

for solar energy, due to among other, installations and 

obstacles, resulting in roughly +72.500 m² available area. 

The output of the chosen solar panel can be calculated 

according to: 

 

𝑄𝑚² = (
𝐶𝑃𝑉

𝐴
) × 0.9 × 𝜂𝑃𝑉    (4) 

 

Where Qm² is the electrical output per square meter, 

Cpv is the capacity of the panel and A the surface area 

of the panel. 0.9 is the conversion factor of the case-

study and ηpv is the panels output efficiency, depending 

on the inclination angle, for the chosen panel in this 

study it is 96%. Table 8 shows a rough indication of the 

solar potential for the case-study. It shows the solar 

potials in W/m² and the production potentials per m² 

without (142,68kWh/m2) and with the 

efficiency(136,97kWh/m²) taken into account, lastly it 

indicated how much   

 
Table 8: First indication of the energy potential from solar PV 

Input Unit Output Unit 

260 Wp 158,54 W/m² 

1,64 m² 142,68 kWh/m²/a 

96%  η pv 136,98 kWh/m²/a 
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3.3 Renewable matching 

To increase the renewable energy consumption, a 

storage module is also taken into account. Batteries can 

store variable production of solar and wind energy to 

use when its needed, enhancing the performance and 

penetrations of renewable energy. Therefore, this study 

considers a grid-scale storage component [33] (an image 

of the storage is included in Appendix A). It is a low-

cost DC battery system specially designed for 

requirements of large scale renewable energy systems 

[33]. Furthermore, batteries increases self-sufficiency of 

the renewable energy system. The used battery 

specifications is listed in Table 9. The pump and turbine 

efficiencies are taken at 80% and 90%. 

 
Table 9: Battery storage specifications 

Specifications Unit value 

Battery type Zinc hybrid cathode 

Power capacity 20 kW (0.25 MW) 

Lifetime 5000 cycles ≈ 14 year 

Dimension per 250 kW 4.99 x 3.38 x 3.37 m 

 

An ideal renewable energy system will supply reliable 

energy at any given time in the year. The case-study load 

can be always stratified by the wind energy (Ew) and 

solar energy (Epv). This gives. 

 

𝐸𝑤 + 𝐸𝑝𝑣 = 𝐸𝑎𝑟𝑒𝑎  (𝑘𝑊 )  (5) 

 

In reality this is unfortunately not possible due to the 

characteristics of the applied technologies. Even if this 

relation is satisfied monthly, with the inclusion of a 

battery storage, it is not guaranteed that the developed 

system can operate autonomously due to the existing 

mismatch between the energy production from wind 

and solar compared to the load of the case-study. With 

that said, the following cases arise: 

 

𝐸𝑤 + 𝐸𝑝𝑣 > 𝐸𝑎𝑟𝑒𝑎     (6) 

 

 𝐸𝑤 + 𝐸𝑝𝑣 < 𝐸𝑎𝑟𝑒𝑎    (7) 

  

In the latter case (eq. 7), if there exists a battery 

storage, sufficiently charged, the battery can account for 

the energy shortage. If there is no battery storage 

available, or the battery is not charged sufficiently, 

energy has to be imported. At the same time, if excess 

energy can be stored, the surplus can be send to the 

storage (eq. 6). In the case when the battery is 

sufficiently stored, or full, the excess energy is 

export(dumped) to the public grid. For this study the 

capacity of the battery is 20MWh and requires 350m² . 

This is the upper limit of the case-study space that can 

be used for battery storage, lower capacities could be 

considered, but are left out in the evaluation of the 

different configurations.  

3.4 Simulation method  

To assess the renewable energy system, it is 

modelled in EnergyPlan. EnergyPlan is an  energy 

system analysis tool which includes varies RES, 

including the ones considered in this study. For this 

study, different renewable energy systems are selected, 

depicted in activity two in Figure 3. Selection is done 

based on renewable integration and investment costs. 

The renewable energy system will be simulated for 

different scenario’s, where EnergyPlan will assist on the 

evaluation of these systems. The needed input to 

simulate the renewable energy system are: 

1) hourly distributions of the demand and supply 

components 

2) Installed capacities of considered RES. 

The case-study will still be connected to the grid. 

Therefore, the interaction with the grid is taken into 

account. To minimize grid interaction, the energy 

matching indices are used to evaluate the renewable 

energy system. Documentation of the EnergyPlan 

model and input parameters was found in [34][35] [36]. 

3.5 District retrofit configurations 

The next step is to define energy system configurations 

that are appropriate to investigate for the case-study. To 

propose different systems, the first step is to define 

boundary conditions which apply to the case-study. 

Since the project considers an on-site renewable energy 

system, the main constraints for the system are linked to 

the case-study itself, explained in §2.2. From the layout 

of the case-study, shown in Figure 1 and the selected 

RES, three different system configurations were selected 

and evaluated. To establish a proper comparison line, a 

base case of the industrial park is also included in the 

evaluation. The purpose of each of the proposed cases is 

to provide insight] in the potentials of reducing CO2 

emissions in order to achieve the goals of the 

municipality. To summarize all the investigated cases, 

the most important characteristics are listed in Table 10. 

 
Table 10: Most important system characteristics of the 

proposed renewable energy systems 

Electricity cases 

 PV (kWp) Wind (MW) Heat pumps 
(number) 

Base case 0 0 0 
RES 11.5 6 0 

HP + RES  11.5 6 21 

All electric 17.75 15 58 

 

Base case 

The base case for this study, is the current situation, 

only modelled in EnergyPlan with the created 

distribution explained in section 3.1. All the electricity 

and heating demand of the case study is imported from 

the grid. From this case, the Dutch energy mix is 

considered, which consists of brown energy (from fossil 

fuels) and green energy (from renewables in the grid). In 

the Netherlands, the percentage of electricity from the 

grid that is considered green is 14% [37], leaving 86% of 

brown energy. Both figures are taken into account. 

 
Table 11: reference values Base case 

Electricity demand Heat demand CO2 emission 

24,77 GWhe/a 16,28 GWhth/a 16,35 kton/a 

 

Case 2 – using RES for the electricity demand 
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Case two considers solar and wind energy to cover 

the electricity demand (24.77 GWh) of  the case-study. 

For this case, the available rooftop area will be filled 

with solar PV and on the surrounding area two 

additional wind-turbines will be installed. This 

configuration explores the matching potentials of lower 

integration of RES. Moreover, this configuration will 

have the lowest integration costs due to the higher 

matching potentials. No changes are made in the heating 

demand. The heating demand (16,28 GWh) will be 

covered by gas-fired boilers and the CO2 emissions of 

the heat demand will be added to the electricity related 

CO2 emissions of the proposed system.  

 

Case 3 – heat pumps plus RES 

Case 3 considers a change in heating supply to the 

case-study. For this case, the gas boilers in the offices 

are replaced by HP. A replacement moment of the 

heating installation for the office buildings on-site is 

planned in the coming years. For that reason, it is 

assumed that the gas boilers will be replaced by HP. For 

that reason, 21 HP will be installed. The used HP has a 

coefficient of performance (COP) of 4. The additional 

heating demand is delivered by peak boilers. Replacing 

the gas-boilers with HP will create an extra energy 

demand, since the heat pumps require extra electricity. 

The extra annual energy demand is 1.04 GWh and 

reduces the gas-consumption to 12.21 GWh. Next to 

this, the electricity demand will be met in the same way 

as in case 2, all the available rooftops will be filled with 

solar PV combined with 2 additional wind turbines.  

 

Case 4 – all electric 

This considers an all-electric district and it is an 

extreme case condition. The heating supply from gas 

boilers will be completely replaced by HP, in total 58 

HP will be installed. For the supply all the available 

space on the rooftops and the green surrounding area 

will be used for solar PV. Also 5 wind turbines are 

installed and the potentials are investigated. 

3.5.1 Grid-interaction scenarios  

Two major scenarios are evaluated for the proposed 

systems, represented in Figure 9 & Figure 10. The 

scenarios are evaluated for the electricity cases, which 

are the RES case, the HP+RES case and the all-electric 

district case. 

3.5.1.1 Net-metering scenario 

The first scenario uses grid-storage, shown in Figure 

9. Excess renewable energy production can be stored in 

the public grid and can be withdrawn when required. 

For this scenario, all the generated renewable energy is 

considered to be consumed by the case study. This 

increases the total renewable energy penetration from 

the supply side. 

 

 
Figure 9: Net-metering scenario 

 

CO2 reduction limitation 

For this scenario, it has some limitations on the CO2 

reductions. The energy that is withdrawn from the 

public grid when needed (the stored energy), will emit 

the same amount of CO2 as imported energy, since it is 

generated elsewhere. For this scenario, the generated 

renewable energy that is stored in the grid is seen as 

“exported” energy which is imported again when 

needed.  

3.5.1.2 Export / on-site storage scenario 

It is expected that a form of grid energy storage will 

change in the coming decades, so it is necessary to 

investigate a scenario that is more future proof. 

Therefore in this scenario, the energy surplus can’t be 

stored in the public grid, shown in Figure 10. The 

energy surplus will be exported and imported when 

required. For this scenario, a case without  and with on-

site energy storage is evaluated.. The available area for 

on-site storage can facilitate 20 MWh of electricity 

storage. 

 

 
Figure 10: Scenario 2 

3.5.1.3 Gas to electricity transition 

As an additional scenario, a form of renewable gas is 

considered. It is already readily available for use, and it 

mostly consists of biomass crops which are turned into 

gas. For this additional scenario, the potentials of 

replacing natural gas with renewable (bio) gas is 

explored. It is assumed that, with small changes in to 

current gas-boilers, it can operate on biogas (excluding 

the financial consequences). Replacing natural gas with 

biogas creates extra CO2 reduction potentials, which can 

be interesting for the municipality to reach their goals. 
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In the results part, the potentials for this bio-gas are 

investigated separately from the other cases. Moreover, 

they are only explored in terms of CO2 reduction.  

3.6 Key performance indicators 

Performance indicators are used to evaluate the 

performances of the district retrofit configurations.  

Since the aim of this study is to decrease the CO2 

emissions of the case-study, the CO2 reduction 

potentials are calculated by means of CO2 emission 

factors. For energy, the electricity production relative to 

the energy demand is being evaluated on an hourly 

basis, using two different energy matching indices. All 

the used performance indicators are represented in 

Table 12. 

 
Table 12: Performance indicators that will be analysed for this 

thesis 

Energy Unit 

On-site energy fraction 

On-site energy matching 

Grid interaction 

CO2 reduction 

[-] 

[-] 

[-] 

[ktonCO2/a] 

Cost Unit 

Investment costs [€/a] 

NPV [€/a] 

3.6.1 Energy matching 

The mismatch between the on-site renewable energy 

generation and the on-site energy consumption [18] can 

be described by two different indices, described as on-

site energy matching (OEM) and on-site energy fraction 

(OEF)”, also referred to as self-consumption[38][39], 

calculated by: 

 

𝑂𝐸𝐹 =
∫ 𝑀𝐼𝑁[𝐺 (𝑡);𝐿 (𝑡)]𝑡2

𝑡1

∫ 𝑀𝐼𝑁 [𝐿(𝑡)]𝑡2
𝑡1

𝑑𝑡    (8) 

 

𝑂𝐸𝑀 =
∫ 𝑀𝐼𝑁[𝐺 (𝑡);𝐿 (𝑡)]𝑡2
𝑡1

∫ 𝑀𝐼𝑁[𝐺 (𝑡)]𝑡2
𝑡1

𝑑𝑡    (9) 

 

Ideally, the on-site renewable generation is equal to 

the needed demand. If both indicators are 1, the area 

will is self-sufficient and all the generated energy is 

consumed in the demand and generated on-site[18].  

3.6.2 CO2 emissions 

CO2 emissions are calculated by means of CO2 

emissions factors, which estimate the emitted emissions 

for the generation of electricity. The imported energy 

from the grid is seen as conventional electricity and has 

a CO2 emission factor of 0.526 kg CO2[40]. Multiplying  

CO2 emission factor with the needed imports gives the 

emitted CO2. 

 

𝐶𝑂2 = 𝑓𝑐𝑐𝑜2 × 𝐼𝑔𝑟𝑖𝑑     (10) 

3.7 Cost benefit analysis 

The investment cost of the different renewable 

energy system configurations includes two major 

subjects. The first being the total investment costs and 

the second the recurring costs, which are the Operation 

and Maintenance (O&M) costs. The cost benefit analysis 

is done to compare different investment possibilities, 

taking the initial investment, recurring expenses (O&M) 

and the earnings/savings into account. The annual 

revenue is affected by a discount rate (d). The discount 

rate (d) is calculated for each year (n) of the projects 

lifetime. Both parameters are influenced by a real 

interest rate (r), affected by the inflation rate (p) and 

current interest rate (i), given by equations 10 & 11:  

 

𝑟 =
(1+𝑖)

(1+𝑝)
− 1     (11) 

 

𝑑(𝑛) =
1

(1+𝑟)𝑛    (12) 

 

The analysis is done based the biggest components 

of the different renewable energy systems, excluding 

additional engineering and construction costs. Therefore 

the analysis is a close-to-reality representation of the 

possible investments needed for the biggest components 

of the renewable energy systems. The investment values 

used in this study are summarized in Table 13 

 
Table 13: Investment, operation and maintenance costs used for 

the cost benefit analysis of the renewable energy systems[28][41]  

Investments  Operation& maintenance 
Solar PV 0,7 €/W 19 €/kW 

HAWT 3.000.000 €/pcs 40 €/kW 

Battery 190 €/kWh  € 
Heat-pumps 120.000 €/pcs 100 €/pcs 

Industrial 150.000 €/pc 130 €/pcs 

 

The positives revenues are the savings from 

renewable energy, which reduces imported energy from 

the grid. The other positive cash-flow is subsidy, 

received from the SDE+ subsidy (from the Dutch 

government). The real interest rate and inflation rate are 

estimated to remain the same throughout, and are set at 

2%. Consequently discount rate remains 1%. The 

cumulative cash-flows are calculated for each proposals 

for a lifetime of 30 years. Three main parameters can be 

obtained from the analysis, the payback time (PBP) the 

net present value (NPV) and the levelled cost of energy 

(LCOE). The NPV value indicates the value of a certain 

project at a certain point in time, including all cash-flows 

(both negative and positive). The LCOE indicates the 

costs of the generated renewable electricity per kWh, 

calculated by: 

 

𝐿𝐶𝑂𝐸 =
𝐼0 +∑ (

𝑂&𝑀𝑖

(1+𝑟)𝑡
)𝑛

𝑖=0

∑ (
𝐸𝑖

(1+𝑟)𝑖
)𝑛

𝑖=0

  (13) 

Where I is the total investment costs in year i and E 

is the total generated renewable energy in year i. 

 4 Simulation results  

In this section, the results from the EnergyPlan 

simulations are presented and visualized. The categories 

that are presented in this section are, the energy demand 

and supply of the investigated cases, the energy 
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matching and fraction indices, the interactions  between 

the grid, the CO2 reduction potentials and the cost 

benefit analysis. It is assumed that the electricity demand 

consists of the electric power demand including cooling, 

lighting appliances and occupant driven demands. 

4.1 Energy demand 

The annual energy demand for the base case and 

RES case presented in Table 14. The RES+HP, where 

the heating supply of the offices is included, and the all-

electric district is shown in  and the fluctuations 

throughout the year is presented in Figure 11. 
 

Table 14: Annual energy demands for the base case and RES 

case  

Case Electricity demand 

(GWh/a) 

Gas demand 

(GWh/a) 

Base-case 24.77 17.14 

RES 24.77 17.14 

 
Table 15: Annual energy demands of the RES+HP case and all-

electric district. Both cases includes the heating demand. The 

RES+HP case only considers the heating demand of offices and the 

all-electric case considers all heating supply done by HP 

Case Electricity demand 

(GWh/a) 

Gas demand 

(GWh/a) 

HP + RES 25.97 12.85 

All-electric 28.84 0 

 

The demand of the base-case and the addition of RES is 

similar. The addition of heat-pumps increases the 

demand, shown in the figure. 

 

 
Figure 11: Simulated fluctuations of the energy demand for the 

investigated cases throughout the year (top figure) during a typical 

winter week (middle figure) and in a typical summer week (bottom 

figure) 

 

The annual differences between the proposed 

district retrofit configurations compared to the base-case 

is 1.2 GWh/a and 4.07 GWh/a respectively. Figure 11 

shows that the demand increases during winter,  when 

also the heating demand increases. 

4.2 Energy supply 

For the energy supply, two major systems are 

proposed explained in section 3.5. The annual energy 

supply of these considered renewable energy systems is 

shown in Table 16. The fluctuations of the energy 

supply is shown in Figure 12. The difference between 

both systems is 24.59 GWh annually . 

 
Table 16: Annual energy supply form the proposed systems 

Case Supply (GWh/a) 

RES & HP+RES 24.01 

All-electric 48.59 

 
Figure 12: Simulated fluctuations of the energy supply for the 

investigated cases throughout the year (top figure) during a typical 

winter week (middle figure) and in a typical summer week (bottom 

figure) 

 

What can be noted from the demand and supply, is 

that is a mismatch in the amount of energy that can be 

directly used in the demand. To illustrate this mismatch, 

the demand and supply for a winter week of  the all-

electric case is shown in Figure 13.  
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Figure 13: Simulated supply and demand for the all-electric 

district  during a winter week 

4.3 Energy matching and fraction 

To describe the energy mismatch, this study uses 

two different indicators, namely OEM & OEF, 

explained in section 3.6.1. To see the influence of a large 

scale renewable energy system, the all-electric district is 

presented in the text below with a monthly analysis. The 

other configurations are presented annually and the 

monthly figures are included in Appendix B. The results 

of the different scenarios are presented as follows:  

- The matching and fraction combined with no 

storage 

- The influence of on-site storage 

- The influence of grid energy storage 

First it is important to know how much the energy 

demand and supply is, as well as the used part of the 

generated energy.  

4.3.1 Case 4 - All-electric 

For the all-electric district, the energy matching and 

fraction increases when on-site storage is applied or the 

excess energy can be stored within the public grid. The 

key simulation figures  are shown in Table 17. Note that 

for the case when storage is applied, the additional 

energy demand is due to the applied storage, it requires 

additional demand to store and supple energy. 

 
Table 17: Key simulated energy figures for the all-electric 

district case. The energy figures are presented on annual basis in 

GWh/a corresponding to the different scenarios.  

Scenarios 
deman
d 
(GWh) 

supply 
(GWh) 

export 
(GWh) 

impor
t 
(GWh
) 

used 
(Gwh
) 

no net-
metering 

28,84 48,59 28,23 8,49 20,36 

20MWh 
storage 

34,43 52,61 22,64 4,46 29,97 

net-metering 28,84 48,59 19,75 0 28,84 

 
Figure 14: The annual energy matching and fraction when 

assuming an all-electric district with a total demand of 28.84 GWh 

and a total supply of 48.59 GWh corresponding to the three 

different investigated scenarios.  

 

Figure 14 shows the annual energy matching for an 

all-electric district for the investigated scenarios. If no 

storage is considered, 71% of the demand can be 

covered by renewables (20.36 GWh) and 42% of the 

generated energy is used directly by the case-study loads. 

58% (28.23 GWh) is still exported back to the grid, 

which is a considerable amount. Adding 20MWh of 

storage increase OEF and OEM with 16% and 15% 

respectively towards 57% 87%. The OEM value for grid 

storage is similar to the case of no-storage but a 

significantly increase for the OEF value can be 

observed. The whole demand of the case-study is 

generated by renewables, but still a significant part is 

exported back, since the total production is 48 GWh 

and the demand requires 28GWh.    

A monthly analysis is done in order to see the spread 

in renewable energy penetration (OEM) and the 

renewable coverage potentials (OEF) throughout the 

year. Figure 15 shows the matching values for the all-

electric district with no storage.  

 

 

 
Figure 15: The monthly OEM and OEF for an all-electric 

district with no additional storage. The total demand is 28.84 GWh 

and the total supply is 48.59 GWh. 
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The OEM value decreases during the summer and 

increases during the winter. The matching values ranges 

from about 55-65% in the winter to 35-45% in the 

summer. The fraction of renewables show a wide spread 

during the winter and a more narrow spread during the 

summer, with ranges from 40 up to 90% in the winter 

and 60-80% in the summer. 

 

 
Figure 16: The monthly OEM and OEF for an all-electric 

district with 20MWh storage . The total demand is 28.84 GWh and 

the total supply is 48.59 GWh. 

 

Figure 16 shows the matching values including 

20MWh storage. The matching of energy during 

summer is increased compared to the other case. With 

ranges of 60-75%. In the winter the matching is also 

increased, but the spread is still relatively high. On the 

other hand the fraction of renewables is increased over 

the whole year during winter, however, still some wide 

spreads are observed. Ranges lie within 90-100% during 

the summer and 55-100% during the winter. 

 
Figure 17: The monthly OEM and OEF for an all-electric 

district with grid energy. The total demand is 28.84 GWh and the 

total supply is 48.59 GWh. 

 

Figure 17 shows the matching values combined with 

grid energy storage. The matching values show the same 

values as the scenario with no storage ranging from 55-

65% in the winter and 35-45% in the summer. The 

fraction is 100% throughout the year. All the energy for 

the demand can be generated within the system 

boundary. 

4.3.2 Case2 – Base-case + RES 

This proposal tries to cover only the electricity part 

of the energy demand without making changes in the 

installation, so excluding the heating demand. The key 

simulation figures for this proposal are listed in Table 18 

and shown in Figure 18.  

 
Table 18: Key simulated energy figures for the base-case plus 

renewables ( 44200 solar PV in combination with 2 wind turbines). 

The energy figures are presented on annual basis in GWh/a 

corresponding to the different scenarios. 

Scenarios 
demand 
(GWh) 

supply 
(GWh) 

export 
(GWh) 

import 
(GWh) 

used 
(Gwh) 

no net-
metering 

24,77 24,01 9,01 9,77 15 

20MWh 
storage 

29,75 27,6 4,03 6,18 23,57 

net-metering 24,77 24,01 0 0,76 24,01 
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Figure 18: The annual energy matching and fraction when 

assuming the base-case combined with renewables, with a total 

demand of 24.77 GWh and a total supply of 24.01 GWh 

corresponding to the three different investigated scenarios.  

 

Overall, the fraction of renewable energy increases 

for each scenario. The scenario without storage shows 

that the matching and fraction are almost equal. 61% of 

the demand is covered by renewables and 62% of the 

generated energy is directly used in the demand. So 36% 

of the demand is imported from the grid. Including 

20MWh of storage increases the energy matching and 

fraction. The fraction of renewable energy increases 

with 19% (8.57GWh) and the matching increases with 

23%. If the grid can be used as storage, almost 100% is 

generated by renewables and 59% of the generated 

energy can be directly used, meaning that 39% is 

imported. 

4.3.3 Case 4 – RES+Heat pumps 

The key simulation figures of the proposal with the 

inclusion of the office heating demand are shown in 

Table 19 
 

Table 19: Key simulated energy figures when the heating 

demand of the offices is covered by heat -pump combined with 

renewables (44200 PV and 2 wind turbines). The energy figures are 

presented on annual basis in GWh/a corresponding to the different 

scenarios.  

Scenarios 
demand 
(GWh)  

Supply 
(GWh) 

export 
(GWh) 

import 
(GWh) 

used 
(GWh) 

no net-
metering 

25,79 24,01 8,68 10,46 15,33 

20MWh 
storage 

30,67 27,52 3,8 6,95 23,72 

net-metering 25,79 24,01 0 1,78 24,01 

 
Figure 19: The annual energy matching and fraction with the 

inclusion of the office heating demand, with a total demand of 25.79 

GWh and a total supply of 24.01 GWh corresponding to the three 

different investigated scenarios. 

 

Figure 19 show that the annual fraction and 

matching is almost similar to the previous proposal for 

all the scenarios. When no storage is considered, the 

fraction decreases with 2% compared to the previous 

proposal. The heat-pumps increases the total annual 

demand, decreasing the renewable part of the energy 

generation, as the annual demand increases with 1.04 

GWh. However, this has a positive effects on the 

matching of energy. Because the demand is slightly 

higher, more generated energy can be directly used in 

the case-study loads. With 20 MWh of on-site storage, 

almost all energy can be generated by renewables (86%) 

and 77% can be directly used. Still 23% of the total 

demand has to be imported from the grid. Grid storage 

shows high OEF values and similar OEM value as the 

case without storage, the stored grid energy is imported, 

decreasing the overall matching potential. 

 

On a monthly basis, the matching and fraction of 

energy for the cases: RES (case2) and RES+HP(case4) 

follows the same trend as depicted in the all-electric 

case, but with a lower magnitude due to the considered 

renewables. The matching of renewable energy 

decreases as the energy demand decreases during 

summer, whereas the fraction increases in the same 

period because the demand can be covered with more 

renewable energy. The graphs of the monthly OEM and 

OEF values can be found in Appendix B. 

 

The matching and fraction revealed that for all the 

investigated cases, it is important that the case-study still 

is connected to the grid.  
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4.4 Grid interaction 

The grid interactions that occur throughout the year 

give significant information about the ability of the 

renewable energy system to satisfy the loads of the case-

study demands. The grid interactions are highly 

dependent on the type of generation system and its 

management system (i.e. storage possibilities). In the 

graphs, the X-axis represents the hour of the day (1 - 24) 

and the Y-axis represents the day of the year (1 - 366). 

The level of contour gives information about the net 

exported and imported energy from the renewable 

energy systems to/from the grid (also indicated at the 

colour bar next to the plot). Note that for each contour 

plot the same colour bar is used, with kW as unit value. 

Higher values of export/import result in a brighter 

colouring of the plot (from dark blue to yellow).   

Figure 20: Coloured contour graph of the net-exported(left) and imported energy(right) for the all-electric district with renewables 

(17.25 kWp  PV and 15MW wind turbines). The  energy is plotted in kW against the hour of the day (x-axis) and day of the year (y-axis)  
 

Figure 21: Coloured contour graph of the net-exported(left) and imported energy(right) for the all-electric district with renewables (17.75 kWp 

PV and 15MW wind turbines)  in the case when an on-site storage unit with a maximum storage capacity of 20MWh is considered. 
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Figure 20  shows the grid interaction for the all-

electric district without storage. From this figure the 

energy produced from solar PV is clearly noticeable. 

Most exported energy is occurring at hours when the 

solar radiation is most abundant, which is clearly during 

the summer period (day 100 – 250). The influence of the 

installed wind turbines can also be noticed, especially 

during some winter days and evening periods. Less 

energy is exported and imported from the grid. Figure 

21 shows the scenario with storage. Some clear 

differences in exported and imported energy can be 

noticed. Both import and export are decreased, the 

storage can account for some of the  

 needed  demand. The influence of the storage is clearly 

an appreciated addition looking at the on-site direct 

consumption, as less energy is needed from the public 

grid.   

 

The other system configuration are shown in 

appendix B in Figure 39 - Figure 42. A general note for 

the other investigated proposals is that, looking at the 

whole year, no striking differences were identified in 

terms of exported and imported energy between both 

cases within the context of the graphs. Storage shows a 

similar trend throughout the other cases.  

 

 
Figure 22: Yearly grid influences for the investigated proposals 

with net-metering 

 

Figure 22 shows the annual grid influences between 

the investigated systems for the scenario where net-

metering is considered. The renewable coverage of the 

proposals are 97% 93% an 100% respectively. However, 

not all of the generated energy is used directly. Some of 

the generated renewable energy is stored within the grid. 

If we look at the RES case (using all available rooftops 

for solar PV including 6MW wind turbines), 97% of the 

demand is generated by renewables and 3% has to be 

imported as brown energy. If we look at the 97% 

renewable produced energy, not all of the energy is used 

directly within the demand, shown in Figure 23. 

 
Figure 23: The grid storage part of the generated renewable 

energy for the RES case (11.5kWp PV panels and 6MW wind 

turbines). 

 

The figure shows that 61% is used directly and the 

remaining 36% is stored in the grid. The 36% stored 

energy is imported according to the Dutch energy mix, 

giving a distribution of 5% and 31% for green and 

brown energy (1.26 and 7.75 GWh/a respectively). 

Figure 24 shows the stored energy if an all-electric case 

is considered. 100% of the demand is produced as 

renewable energy, but some of the energy is stored in 

the grid. 71% is directly consumed within the demand 

and 29% has to be stored in the grid, given 4% green 

and 25% brown imported energy.  

 

 
Figure 24: The grid storage part of the generated renewable 

energy for the all-electric district (17.75kWp PV and 15MW wind 

turbines). 

 

 
Figure 25: Yearly grid influences for the investigated proposals 

for the no-net metering scenario 

   

Figure 25 shows the scenario without net-metering. 

The renewable penetration of the RES case is 61%, 

meaning that 39% of the demand is imported from the 

grid, 34% brown and 6% green energy. The HP+RES 

case decreases the renewable penetration by 2%. For the 

all-electric case, 71% is covered by renewables and 29% 
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is imported from the grid, of which 4% is considered 

“green” import and 25% brown import.  

 

 
Figure 26: Yearly grid influences for the investigated proposals 

if 20MWh on-site storage is added to the system 

 

Some differences can be seen with the addition of 

20MWh storage, shown in Figure 26. On all the 

investigated proposals the renewable penetration 

increases. The addition of the storage is able to increase 

the renewable energy consumption with 19%; 18% and 

16% for the RES, HP+RES and all-electric case 

respectively. 

4.5 CO2 emissions  

As mentioned previously, one of the prime reasons 

in the transition to renewable energy systems is, due to 

the necessity, to decrease GHG emissions, especially 

CO2. The CO2 reduction potentials of the proposals are 

evaluated based on their reduction compared to the 

base-case situation. The CO2 emissions are displayed in 

two categories, electricity related and heating (gas-

consumption) related. The base case CO2 emissions are 

shown in Table 20. 

 
Table 20: CO2 emissions for the base-case and the HP case 

without RES (CO2 emissions are divided in the electricity related 

and gas (heating supply) related CO2 emissions 
 Electricity  

(million kg/a) 
Gas  
(million kg/a) 

Base-case 13.03 3.49 

HP 13.57 2.61 

 

The total CO2 emissions for the base-case are 16.52 mln 

kg annually. A reduction of 13.22 million kg is needed to 

reduce 80% the on-site CO2. With a total emission of 

3.30 million kg CO2. 

 
Table 21: Electricity CO2 related emissions for the investigated 

proposals 

 No net-
metering 
(million kg/a) 

On- site 
electricity 
storage 
(million kg/a) 

Net-metering 
(million kg/a) 

RES 5.14 3.25 5.14 
HP+RES 5.50 3.66 5.50 

All-electric 4.47 2.35 4.47 

 

 
Figure 27: Site energy CO2 emissions for investigated 

proposals without storage and grid-storage. 

 

Figure 27 shows the CO2 emissions for the 

investigated proposals without storage & with grid 

energy storage and the target emissions, shown as the 

yellow lime . There are reductions possible if we look at 

the different proposals. Comparing the RES and 

RES+HP case an increase in emissions is seen. The all-

electric case also eliminated the gas related emissions 

increasing reduction potentials. 

 

 
Figure 28: Site energy CO2 emissions for the investigated 

proposals with 20MWh with on-site storage 

 

Figure 28 shows the CO2 emissions in combination 

with 20MWh on-site storage. The total reduction 

potentials increased comparted to results shown in 

Figure 27. The results demonstrate that the target CO2 

reduction of 80% can be achieved for an all-electric 

district. The reduction expressed in percentages are 

shown in Table 22. The ranges of reduction potentials 

vary among the investigated cases, from 48% up to 

86%. 

 
Table 22: The total site energy CO2 reduction potential for the 

investigated proposals.  

 Without 

(mln/kg/a) 

20MWh 

(mln/kg/a) 

Grid-storage 

(mln/kg/a) 

RES 48% 59% 48% 

HP+RES 51% 62% 51% 

All-electric 73% 86% 73% 
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However, another solution can be found if natural 

gas can be replaced by a form of biogas. This can, if we 

look at the gas related emissions, reduce an extra 3.49 

mln/kg CO2 for the base-case and RES case and 2.61 

mln/kg extra for the RES+HP case. In a future scenar, 

the additional potentials are evaluated by replacing 

natural gas for biogas. The corresponding CO2 

reduction potentials shown in Table 23. This shows that 

another proposal is also able to reduce 80% of the on-

site emissions.  

 
Table 23: Site energy CO2 emissions reduction is natural gas is 

replaced with biogas. 

 Without 

(mln/kg/a) 

20MWh 

(mln/kg/a) 

Grid-storage 

(mln/kg/a) 

RES 69% 80% 69% 

HP+RES 67% 78% 67% 

 

Previous results constitute of site-related CO2 

emissions. Which means that the imported energy is 

generated close to the case-study. However, this can 

overestimate the actual reductions made from the 

systems. In reality it takes more energy to generate the 

needed demand, from the original source. To account 

for source emissions and transmission losses, the 

Primary Energy Factor (PEF), taken from [42] is also 

taken into account. For the Netherlands this factor is 

2.56, meaning that it takes 2.56 units of energy to 

produce the demand.  

 

 
Figure 29: Source CO2 emissions for the investigated proposals 

without storage and with grid-storage 

  

Figure 29 shows the source CO2 emissions. What is  

shown is that there is a difference in primary emissions 

compared to site-emissions. The primary energy 

consumption for electricity is considerably higher 

compared to the site-energy emissions. If considering 

RES+HP, the source emissions are higher with 0.08 

million  kg CO2. Also the total reduction from the all-

electric district will become less. This finding is also 

shown in Figure 30, where the source CO2 emission for 

the scenario with storage is shown. Overall, including 

storage will accomplish the goal, but the required energy 

to produce electricity will still be higher if taking source 

emissions into account. 

 
Figure 30: Source CO2 emissions for the investigated proposals 

with 20MWh storage 

 
Table 24: The total source energy CO2 reduction potential for 

the investigated proposals. 

  

Without 

(mln/kg/a) 

20MWh 

(mln/kg/a) 

Grid-storage 

(mln/kg/a) 

RES  54% 67% 54% 

HP+RES 54% 67% 54% 

All-electric 69% 84% 69% 

 

4.6 Cost benefit analysis 

Table 25 shows the initial investment costs for the 

investigated proposals (see the appendix for a detailed 

costs calculation) and Figure 31 shows two parameters 

obtained from the cost benefit analysis. These are the 
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NPV (after 30 years) and the payback period of each of 

the proposals. In the calculation the inflation and real 

interest rate are assumed to be constant at 2%. This 

results in a discount factor of 1, so the discounted cash-

flow remains the same throughout the investigation 

period.  

 
Table 25: Initial investment costs for each of the investigated 

system configurations. The investment costs in the table are shown 

in millions 

RES RES+HP All-electic 

No 
storage 

20MWh No 
storage 

20MW
h 

No 
storage 

20MW
h 

€14.4 €18.9 €16.9 €21.4 €36.6 €41.1 

 

The payback period of the investigated systems are 

ranging from 8-13 years. The all-electric district without 

storage shows the highest PBP, it is 13 years. For a 

detailed calculation, see Appendix B. What can be 

derived from this analysis, taking the PBP into account, 

is that each renewable system, the project can become 

profitable within a 8+ year timeframe. It should be 

noted that any engineering or construction/installation 

costs are excluded in this analysis. The figure indicates 

the costs for the major renewable energy system 

components.  

Another interesting parameter that is obtained from 

the cost benefit analysis is the LCOE. This indicates the 

price paid per kWh that is generated from the systems 

and is shown in Figure 32. 

 
Figure 32: Obtained LCOE values for each of the renewable 

energy systems proposals based on the simulation data 

 

The price per kWh ranges from 0.038 - 0.049 

€/kWh. The differences in price per kWh is in relation 

to the ratio of investment and the generation from each 

proposals. The main difference between the scenarios 

(among each proposal) is that the inclusion of on-site 

storage increases the LCOE value due to the additional 

investments. The all-electric case, with LCOE values of 

0.046 and 0.048 also eliminates additional gas-imports. 

The heating supply is done through the installed HP. 

For the other proposals, additional gas-prices need to be 

included, increasing the total price of energy (not of 

electricity).  

 5 Discussion 

The goal of the study is to investigate if it is possible 

to cost-effectively reduce 80% of the building related 

CO2 emissions for the case-study. The simulation study 

presented the simulation results of district retrofit 

configurations through different performance indicators. 

5.1 Research questions 

Important to mention is that this study is not to 

optimize renewable energy production within the case-

study. But the aim is to provide valuable and clear 

insights on the benefits of a large scale renewable energy 

system which assists on the long-term goals set out by 

the municipality. To give more understanding to the 

main research question, the sub question are discussed 

in the text below and concluded by answering the main 

research question. 

 

What are the on-site renewable generation 
opportunities for industrial park de Brand? 

What can be concluded from this study, is that many 

RES are available where wind and solar were found to 

suit best for the purpose of this study. They are widely 

applied and both showed high energy production 

potentials. Looking at the generation profile of both 

technologies compared to the demand profile, solar has 

a better fit for the demand of the case-study. Specially 

during the summer season when irradiation level at the 

case study are higher. This is mostly due to the fact that 

the working hours of the case-study falls in the same 

range as the generation profile of solar energy, which is 

during the day / afternoon. However, what is also 

occurring during the summer is that the production 

does not overlap exactly, as also a large portion is 

exported back to the grid. This is better shown from the 

obtained results in Figure 20. Looking at wind energy it 

shows a more unpredictable generation profile, which 

also can be derived from Figure 7 and the needed 

import depicted in Figure 20. From that figures it can be 

observed that in the evening during winter period (some 

days) less energy has to imported, meaning that the 

energy production from wind can stratify the electricity 

demand. However, clearly solar energy has a more 

abundant presence.  

Another aspect that can be pointed out is the sizing 

of all district configurations. From the obtained results 

from the all-electric district, it can be concluded that 

that particular configuration is oversized for the total 

demand of the case-study. The generated energy is 48 

GWh for the scenarios with and without net-metering, 

whereas the used portion is only 28 GWh, for the net-

metering scenario. This indicates that even if all the 

generated energy is directly consumed within the district 

boundary, still a large portion of the generated energy 

must be exported to the grid. So this configuration is a 

good example that sizing the supply system which 

always consumes the generated energy is not a feasible 

option. Simply because the environmental dependency 

of both technologies does not allow for a matching of 1. 

On the contrary, if a net-metering scenario is allowed 

within the local grid policy, the circumstances for the 

supply system could change drastically. For that 

scenario, the supply system needs to generate the 

demand, which almost can be accomplished by the RES 

district. However, this scenario is the least future proof, 
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as the government of the Netherlands already published 

that a net-metering scheme will disappear in the 

future[43]. Mainly due to the re-delivered energy from 

all the distributed generation and the implication  it has 

on grid stability. In the future it will therefore be more 

effective to invest in on-site storage option rather than 

exporting the generated energy to grid. This will one 

hand lead to higher initial investment costs, but on the 

other hand will increase the performance of the district, 

as the obtained results showed in Figure 26. Increasing 

the on-site consumed electricity with 16-19%. So 

ultimately, the obtained results indicate that a 

combination of wind and solar show high penetration 

values of renewable energy. It will depend on local grid-

policy if net-metering will be a viable scenario, otherwise 

it will be a wise investment to include an on-site 

electricity storage despite the higher initial investment 

because the return of investments are negligible for the 

RES and RES+HP configuration.   

 

However, present study only includes the 

possibilities of energy storage in the  form of batteries. 

As the batteries provide an increase in on-site renewable 

energy consumption, it is not the most 

efficient/effective way of energy storage, also studied in 

[44]. They are included due to the intermittency of wind 

and solar. However, the obtained result from the 

simulation study showed that there was high grid 

interactions in the form of energy exported to the grid. 

Particularly for the all-electric district, which confirms 

previous explanation that that district configuration is 

oversized at the supply side. However, the excess energy 

generation could also be used for other purposes instead 

of being exported to the grid. An example can be found 

in a form of thermal storage, also researched in work of 

[45]. Which can be interesting for the all-electric district. 

The inclusion of HP enables excess renewable energy to 

be used by the HP to store water in an aquifer thermal 

energy storage system and used during times when 

required. This will increase the total demand but also, it 

will enhance the matching of energy because the HPs 

will consume it to store water. What is also not taken 

into great detail in this study, is grid-stability.  

 

How much of the on-site generated renewable 
energy be used within the case-study demand and 
what is the effect on grid imports? 

Utility scale PV combined with wind energy showed 

that it can generate as much as 48 GWh annually for the 

all-electric district, covering the total electricity demands 

of the case-study. And as previously mentioned it also 

has a considerable surplus of electricity. Therefore, 

OEM and OEF were used to identify the cover factors. 

In an ideal case, the OEF indicator is 1, meaning that 

the district is self-sufficient and no grid imports are 

needed. If OEM is also 1, it means that al the generated 

energy is directly consumed within the district. For the 

all-electric district OEF values 71-100% were obtained, 

where the net-metering scenario can cover the total 

demand of the case-study. If a net-metering scenario can 

be considered, 71% is directly consumed and 29% is 

stored in the grid. Also with 20MWh storage the case-

study still needs grid imports of 4.5 GWh. The OEM 

values ranged from 42% to 57%, which means that 43% 

to 58% (28.2, 22.6 GWh) is exported to the grid. That is 

a considerable amount, since the total generated energy 

is 48 GWh. For the case-study, this means that almost 

all buildings are supplied by renewable energy expect 

some demand must be imported from the grid.  

Based on current findings, it can be debated if 

transitioning towards an all-electric district would be the 

most cost-effective way. The most reasonable 

consideration for that statement would be the difference 

between the demand and supply, since almost twice the 

demand is generated by wind and solar. Moreover, the 

matching value obtained from that district is low, and 

can never reach a value of 1 due to the differences in 

supply and demand,  so a large part of the generated 

energy  must be exported to the grid. On the contrary, 

the additional generation can be used within the 

distribution network in the vicinity of the case-study. So 

in theory it can assist on the overall CO2 emission goals. 

However, that was not within the scope of present study 

and can be addressed in further research.  

 

A more intermediate case is the RES configuration. 

The RES case showed findings that were in line with the 

purpose of the proposal. 24 GWh is generated from this 

configuration and 15-23 GWh is used within the case-

study. So 38-14% is off-site generation. This means that 

over 52-57 buildings can be supplied by renewable 

energy. This configuration could be the first step of the 

municipality, as it showed matching values of 62-85%.  

For this configuration, the net-metering scenario 

demonstrated that 97% can be generated on-site. This 

means that the case-study almost is self-sufficient. 

However these results showed that it is in theory 

possible to develop a self-sufficient district it will 

depend on the local grid-policy whether this is a viable 

scenario to consider. Because if we take the OEM value 

for that scenario into account, 62% is directly 

consumed. Meaning that 39% is exported to the grid, 

which can disturb the stability of the grid. This can be 

further assessed to increase the matching capabilities of 

the district and decrease grid interaction.  

Another topic of interest should be the electricity 

storage. However the results showed that 20MWh 

increased the on-site consumption 16 – 19%, supplying 

8.6 – 9.6 GWh of electricity to the case-study, the size of 

the investigated storage can be a drawback. The area 

needed for the storage is +350m². This should be 

addressed whether this will suit the plans of the 

municipality. It can be developed as a centralized storage 

or it can be developed as a de-centralized storage. 

Where several buildings can uptake a storage within 

their available space, among others, parking space. 

 

Another point what should be addressed, is to 

investigate scenarios regarding the energy demand of the 

case-study. Based on the simulation results, the 

following can be explained. If the municipality expands 

the case-study in the near future, the total energy 

demand of the area will increase. Also when building 

energy reduction measures are implanted (because the 
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municipality has plans to construct another industrial 

terrain next to the case-study, connecting both). This, in 

theory, means that the inclusion of RES will be more 

valued, since the on-site matching capabilities of the 

system will increase due to the expansion of the case-

study.  On the contrary, a system like the all-electric case 

still requires high upfront investments and from current 

simulation results OEM values of 57% were maximum. 

Meaning that large quantities are exported to the grid. 

It is encouraged to further investigate the 

possibilities to better use the generated energy on a 

short term (excluding the planned expansion). This can 

be investigated by analysing building energy efficiency 

measures. But also can be investigated through demand-

side management or peak-demand shaving. This also 

reduces generation capacities and increase the OEM 

values. In consequence it can reduce investment costs, 

increasing the overall cost-effectiveness.  

 

What are the financial benefits of the district retrofit 
configurations and what are the implications?  

The main benefits related to the energy systems are 

the saving obtained from reduced grid imports and 

subsidy possibilities. The cost-benefit analysis show that 

each system can become profitable after the 30 years as 

the NPV is positive. However each system has different 

savings. The main actor in the differences is the 

discounted cash-flow for each year of the cost benefit 

analysis. The initial investment in combination with the 

obtained savings are depended on the usable part of the 

generated energy, which differs among the proposals.  

It will financially require high investments to 

transition towards an all-electric district at this point. 

However, the analysis also show that it might be an 

interesting option, as it completely eliminates additional 

gas imports and immediately accommodates the long-

term CO2 reduction goals of the municipality. 

Nevertheless, this will be a long-term investment option 

because the PBP is over 10 years, so it is important to 

further analyse to what extend this option is feasible 

taking additional costs into consideration. Furthermore 

if the total case-study is expanded it can bring additional 

value. The total matching of energy will increase, 

meaning that less energy is lost to the grid and 

consumed on-site. Looking at the RES and RES+HP 

cases from a cost-perspective they could be a logical 

intermediate step. The needed investment are 

substantially lower than the all-electric and most 

generated energy can be consumed within the case-

study. But the downsides are that these options don’t 

reach the CO2 reduction goals.  

Another discussable point is that if the municipality 

wants to increase the renewable energy production, they 

will face some short-term challenges. Among them is 

investigating whether it is possible to consider the net-

metering scenario. The excess generated energy is stored 

in the grid, which means that large quantities of 

renewable energy are exported  to the grid. It is highly 

probable that is requires additional changes to be made 

to the existing grid-connection. But the possibilities rely 

on the local grid-policy. If it can’t be considered, on-site 

electricity storage is the most future proof scenario, 

which increase the performances of the district and 

reduces the CO2 emissions. 

 

What are the technical specifications of an on-site 
renewable energy system for industrial park de 
Brand in ‘s-Hertogenbosch which can cost-
effectively reduce the on-site CO2 emissions by 80% 
in the future and increase the penetration of 
renewable energy?” 

A clear message from the analysis is that the 

contribution of large scale renewable systems are able to 

assist on the CO2 reduction goals of the municipality. 

Looking at the site energy CO2 emissions the following 

can be said. It will require an all-electric district to reach 

the long-term goals. The proposed district 

configurations  can obtain reduction potentials of 48-

86% of the site-related CO2 emissions. However, to see 

the full reduction potentials, this method can be 

overestimating the CO2 reductions. In practice, the 

primary energy consumption is more important to 

consider, as that also accounts for distribution losses 

throughout the generation and distribution processes. 

We can see, when considering the primary energy 

emissions, it is indeed, overestimating the site-related 

energy. The primary energy consumption is higher for 

each of the cases because it takes more energy to 

generate the needed electricity. This raises the discussion 

if it is logical to transition towards an all-electric district. 

Because the source energy consumption for electricity 

generation is higher compared to gas source 

consumption. This might raise the option that leaving 

some gas-boilers for heating/DHW might be 

interesting, if the case-study is not self-sufficient 

enough. Looking at the primary emission, the reduction 

potential vary from 54-84%. For the all-electric district, 

84% of the CO2 emissions can be reduced. However, 

that is not the most cost-effective solution, since the 

matching values of the all-electric district are not higher 

that 57% of the total energy demand. From the obtained 

results from the proposed district retrofit configurations 

it is possible to reduce 80% of the CO2 emissions, 

however the reduction goes along with the needed 

investment for the district configuration. To achieve 

these reduction, an all-electric district has to be 

considered, but looking at the needed investment and 

the payback period it is hardly cost-effective. Moreover, 

even if the demand is met, almost 50% of the generated 

energy must be exported to the grid.  But from a 

technical perspective it is possible. 

5.2 Related discussion 

Another point of discussion would be the 

communicating the importance of implementing RES  

to the building owners/investors. Among others, related 

to the real-estate value. The RES will improve the 

quality of the whole area because it is supplied by 

renewable energy. And the market value of buildings will 

increase so companies might be more attracted to settle 

on the case-study area. Since it is becoming more valued 

in today’s society as a company to be involved in 

sustainable developments. The municipality can make an 

effort towards building owners and investors to take 
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actions in these developments and make it attractive for 

companies to settle on the case-study in the future . 

 

5.3 Further research 

From the present study and simulation results, some 

additional questions arose that can be addressed by 

further research. Additional research can be done 

towards the demand profiling for the case-study by 

integrating more building related consumption data, as 

in this study the consumption is assumed to include all 

consumption of the case-study. Which is different from 

reality. This can be done by investigating similar case-

studies or looking into growth patterns for the 

municipality over recent years. The current study also 

assumes that no building energy efficiency measures are 

taken, this will however change in the future. So it will 

be of great value to investigate if these measures can 

reduce the installed generation capacity, increasing the 

performances of the district configurations. 

Also it is encouraged to further investigate if the 

surplus of energy from the system can be used within 

the surrounding area of the case-study. It is clear that 

that can assist on the overall CO2 reduction goals of the 

municipality. The investigated storage shows an increase 

of on-site consumption. There are other possibilities to 

overcome the intermittency of wind and solar, seasonal 

thermal storage could be assessed as one of them and 

investigated if that can increase the performances of the 

system. A full grid-stability assessment should also be 

considered. How does the inclusion of large scale RES 

influence the grid-stability and is an expansion crucial 

when increasing the renewable energy production. To 

review the economic assessment in more depth a 

detailed financial assessment of the most cost-effective 

integration method of large renewable energy systems 

can be conducted. Topics that can be related to this are 

centralized or decentralized storage, various energy 

management analysis such as peak-shaving strategies 

analysis, flexible demand analysis  or, what is highly 

recommended, a combination of the previous options.  

 6 Conclusion & research implications 

This study explores the possibilities and influence of 

renewable energy systems for an industrial park in ‘s-

Hertogenbosch in order to reduce 80% of the on-site 

CO2 emissions. It is of importance because the 

depletion of fossil fuels and increasing CO2 emissions 

calls for measures in the field of renewable energy to be 

taken in order to decrease CO2 emissions. The 

performances of the different renewable energy systems 

are evaluated based on technical and economic 

indicators for different scenarios and compared to the 

current situation. The results obtained from the 

simulation study provide sufficient information to 

answer the research question and the following 

conclusions can be drawn.  

 Limiting the renewable supply system to the building 

rooftop area demonstreated that it can  cover 62-

85% of the demand  and can reduce 54-67% of the 

CO2 emissions. 

 Including office heating represented by the 

RES+HP case, demonstrated that 64-86% can be 

covered by renewables and CO2 reductions of 52-

65% are possible.  

 The found daily mismatch can be decreased by 

implementing electricity storage. This showed that 

an increase in on-site energy consumption ranging 

from 16-18% of the total demand is possible. Added 

benefit of the storage is that it also increases the 

matching values of the considered systems. This 

reduces the needed grid-imports and related CO2 

emissions. 

 It is clear from the economic assessment that if 

excess energy is stored in batteries, it will also 

require additional investments for the development 

of the systems. Furthermore it will consume a lot of 

free space. Net-metering  demonstrated that 97-

100% of the demand can be generated by 

renewables for the investigated configurations. 

However, the matching capabilities still remains the 

same. So this scenario does not directly contribute to 

the CO2 reduction goals because the energy needs to 

be imported again from the grid, emitting CO2 in 

that process. 

 As the research has demonstrated, the all-electric 

district is able to generate enough energy and 

reduces 84% of the CO2 emission of the whole case-

study. However the OEM value showed that a 

significant part has to be exported to the grid. 

Quantifying the magnitude of the mismatch in order 

to better match the generated energy with the 

demand is therefore important. 

 

From this study we can ask ourselves the following. 

Will we ever realize that it is of great importance to take 

actions in the field of building related CO2 emissions 

and renewable energy to contribute to the goals set out 

either on national of European level? Clearly, there is 

need for greater focus on implementing RES like wind 

and solar in the Netherlands to understand the urge of 

reducing CO2 emissions. 

6.1 Strengths & limitations  

There are some strengths and limitation to the 

current study. Among the strengths are:  

 The used simulation tool can assists the analysis of 

different renewable energy systems with relative 

limited input parameters. The output provided by 

the tool gives a clear view of possible options and 

which direction are most suitable to implement in 

the (near) future.  

 The developed approach provides estimations to 

represents the expected demand profiles of the total 

area. A more general idea of a renewable energy 

system is, at this stage, a good indication to what 

extent a renewable energy system can contribute to 

the goals. The developed approach can be adopted 

and used for similar studies to investigate their 

emission reduction potentials.. 

 Decision makers can benefit of this study. For the 

development of such a system a reform can attract 
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investors to invest in renewable energy systems. 

Through incorporating a competitive electricity 

market, which offers system flexibility for large 

distributed generation. Furthermore, this is also 

highly recommended at EU level, that each member 

state implements more legislative measures for an 

competitive energy market  

 

Among the limitations of this study are: 

 The assumption regarding the demand. From 

available data, the assumption were made to include 

heating and cooling energy consumption, lighting 

and occupant driven loads. In practice, this should 

be addressed separately to accurately represent the 

demands of an area/building. 

 For the cost benefit analysis, major components are 

included. Additional engineering, construction or 

building adjustment costs are excluded. Including 

these costs can more accurately determine the 

financial implications of a renewable energy system. 

In addition, investment strategy studies have to be 

conducted to determine which investment strategy 

will suit best for a particular renewable energy 

system. 

 The uncertainties related to the simulation tool are 

not assessed in detail in this study. It is assumed that 

the results, combined with the scope of the study, 

obtained from the simulation tool are appropriate to 

see the possibilities.  
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Appendix A: Additional information 
 

Building Company name: Building type: 
Construction 
year: 

U-
value 

floor 
area floors 

total floor 
area 

1 
Siemens & pink 
rocade and detron Office 2001 0,4 1397 4 5588 

2 
Dialog 
semiconductors Office 2003 0,4 770 4 3080 

3 Hurks bouw Office 2012 0,4 575 4 2300 

4 
Dobotex & Perect 
view Office 1999 0,4 902 3 3220 

5 Jansen en Huybregts Office 1999 0,4 1125 2 2250 

6 Dobotex Office 1999 0,4 715 1 915 

7 Mettler Toledo Office 2002 0,4 1450 2 4300 

8 
van Meckelenberg 
elektro 

Office & 
storage 2008 0,4 450 3 2000 

9 Centric Office 1999   901 3 3263 

10 RES software Office 2001 0,4 1250 3 4450 

11 BCS Office 2001 0,4 600 4 3100 

12 Supermicro 
Office& 
storage 1996 0,4 3000 1 3000 

13 

BVG fullfilment & 
Dekkers en van 
Gerwen 

Office & 
storage 1996 0,4 650 2 3400 

14 
Linden 
computertech 

Office & 
storage 1999 0,4 1200 1 1400 

15 Hencovak 
Office & 
storage 1999 0,4 600 2 3100 

16 van Amelsfoort 
Office & 
storage 1999 0,4 750 2 2750 

17 Eurocoin gaming 
Office & 
storage 2001 0,4 350 2 2600 

18 P2W & coffema 
Office & 
storage 1999 0,4 550 2 1775 

19 
GPE & 
isolatiespecialist 

Office & 
storage 1999 0,4 350 2 1500 

20 
Duolight, exelentra 
& promodeal 

Office & 
storage 1999 0,4 1700 1 1850 

21 Fuente Office 1998 0,4 1500 1 2140 

22 
Aranea & 
Riemersma leasing Office 1998 0,4 1000 4 4000 

23 Kuijpers Office 1999 0,4 795 4 5080 

24 
Brouwers logistic & 
versluis 

Office & 
storage 2000 0,4 300 4 5500 

25 Luminex 
Office & 
storage 2006 0,4 1690 3 7652 

26 Iets met n S 
Office & 
storage 2003 0,4 975 3 6925 

27 Technische uni 
Office & 
storage 1999 0,4 640 2 1920 

28 Agrdai 
Office & 
storage 1997-1999 0,4 910 2 4420 

29 Cluster offices Office 1998 0,4 1945 2 3890 

30 Cluster offices Office 1998 0,4 2800 2 5600 

31 Korver Holland Office 2007 0,4 900 3 4600 

32 Quinfox Office 2002 0,4 550 4 2200 

33 Aquaproject Office  2007 0,4 450 3 9353 

34 Inter connect Office 2005 0,4 975 4 3900 

35 Bostik 
Office & 
storage 1999 0,4 1050 2 4875 

36 Welvaarts 
Office & 
storage 1999 0,4 500 2 4000 

37 Freebirds & Office & 1997 0,4 333 2 2966 



 

Page 27 of 39 

 

oosterberg storage 

38 Reviva 
Office & 
storage 1999 0,4 600 2 4900 

39 Healthlink europe Office 1999 0,4 700 4 4200 

40 Amacom 
Office & 
storage 1999 0,4 275 4 5000 

41 Fatboy 
Office & 
storage 1999 0,4 2350 2 6900 

42 Bam  Office 1999 0,4 1500 2 4300 

43 Sams kledingactie 
Office & 
storage 1998 0,4 200 2 1700 

44 Stilldesign 
Office & 
storage 1998 0,4 400 2 2000 

45 Nedis 
Office & 
storage 1998 0,4 21375 1 22875 

46 SPS 
Office & 
storage 1998 0,4 14350 1 14350 

47 EMGAS 
Office & 
storage 1999 0,4 180 2 835 

48 
vd Velden 
rioolbeheer 

Office & 
storage 1999 0,4 150 2 975 

49 MAN den bosch Garage 1996 0,4 130 2 1500 

50 Dental bauer 
Office & 
storage 1998 0,4 500 2 1000 

51 Golsteen metal 
Office & 
storage 1997 0,4 100 2 650 

52 Falkpost brabant 
Office & 
storage 1998 0,4 550 1 550 

53 Post nl Postnl 1998 0,4 23300 1 28025 

54 
Gebr. Van 
antwerpen 

Office & 
storage 1999 0,4 500 2 1000 

55 de Greef en partners 
Office & 
storage 1997 0,4 1000 2 2000 

56 Perfekt kozijn 
Office & 
storage 1999 0,4 200 2 1350 

57 Auto garage Garage 1999 0,4 120 2 1000 

58 Würth 
Office & 
storage 2001 0,4 16000 1 16000 

59 Restaurant  Garage 2008 0,4 500 1 500 

Total floor area: 256472 
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Figure 33: De brand overview
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Additional Approach information 
 

Wind turbine selection 

There are two common types of wind turbines, which are the horizontal axis wind turbines (HAWT’s) and 

vertical axis wind turbines (VAWT’s) [27] [46]. HAWT’s are horizontally positioned, the same direction wind. This 

turbine type is highly sensitive to the wind flow direction. Any changes in the wind flow direction requires 

repositioning of the wind turbine to maximize the power output of the turbine [27][46]. VAWT’s are positioned 

vertically. A main advantage of VAWT’s is that they are less dependent on the wind flow, which typically is highly 

turbulent in the urban environment. These turbulent wind flows will result in a better performance of the turbine 

[27]. A drawback of these turbine types is that they are available with less capacities, making them less valuable to 

apply with high energy demands. The most important differences of both turbines can be summarized and are 

displayed in Table 26. 
 

Table 26: Summarized differences of VAWT's and HAWT's according to [46] 

  Vertical Horizontal 

Blade profile Simple Complicated 

Pitch mechanism  Yes Yes 

Tower Yes Yes 

Guy wires Optional No 

Noise Low High 

Blade area Moderate High 

Generator position Ground  In hub 

Self-starting No Yes 

Blade load Moderate High 

Foundation Moderate Extensive 

Structure Simple Complicated 

 

 

Figure 34: Power curve of the Vestas V90 3.0 Mw wind turbine 
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Figure 35: Received solar irradiation in the Netherlands 
 

 

 

Figure 36: Size indication of the used storage module. The array shown in able to store 4MWh of electricity. 
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Appendix B: Additional simulation results  
 

Demand and supply figure for each case for winter and summer 

 
Figure 37: Demand and supply figures for a winter week (left) and a summer week (righ t) 
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Matching and fraction indices  

 
Base case plus RES 
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HP+RES  
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On-site storage  

 

One storage is analysed to see the influence of an on-site storage unit  to the energy system, which allows for an 

storage capacity of 20 MWh, shown in Figure 38 and Table 27.  

 
Table 27: Annual excess energy production that is send to the storage unit and the energy yield from the storage unit  

 To storage  
(GWh/a) 

From storage 
 (GWh/a) 

RES  2 4.98 3.59 

HP+RES 4 4.88 3.51 

All-electric 5.59 4.02 

 

What is indicated in Table 27 is the annual demand in order to absorb the excess energy production as well as the 

generated energy from the stored excess.  

 

 
Figure 38: The behaviour of a 20MWh on-site energy storage unit against the demand and supply. What this figure shows is the state of 

charge and discharge of the storage unit. The yellow coloured areas indicate the energy that is stored from  the generated energy surplus 

whereas the blue area indicates the discharged energy from the storage 
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Grid interaction 

 
Figure 39: Coloured contour graph of the net-exported(left) and imported energy(right) the bas-case situation with renewables (11.5kWp 

PV and 6MW wind). It  represents a case when no on-site storage is considered.  

 
Figure 40: Coloured contour graph of the net-exported(left) and imported energy(right) for the base-case situation with renewable 

(11.5kWp PV and 6MW wind). It represent a case when an on-site storage unit with a maximum storage capacity of 20MWh is considered. 
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Figure 41: Coloured contour graph of the net-exported(left) and imported energy(right) when the office heating demand is included in 

the electricity demand by replacing the gas-boilers for heat-pumps, combined with renewables (11.5Kwp PV and  6MW wind turbines). It  

represent a case when no on-site storage is considered. 

 
Figure 42: Coloured contour graph of the net-exported(left) and imported energy(right) when the office heating demand is included in 

the electricity demand by replacing the gas-boilers for heat-pumps, combined with renewables (11.5kWp PV and 6MW wind turbines). It  

represent a case when an on-site storage unit with a maximum storage capacity of 20MWh is considered.  
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Cost benefit analysis 

 

 
Figure 43: The detailed calculation of the RES+HP case without storage. The re-investment after 20 years are related to the heat pumps 

installed 

 

 
Figure 44: The NPV plotted as function of time 
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Figure 45: The calculated cash flows for the investigated cases. These are the results (discounted cash flows plus investments for each 

years). The value after each years is the NPV of the investigated proposal 

 


