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Executive summary 
The report comprises of work done in the company assignment as a part of Professional Doctorate in 

engineering (PDEng) traineeship. This PDEng project is done with Dutch construction Company 

HOMIJ Technische installities (hereafter HOMIJ). One of the product portfolios of the company is to 

construct homes which are nearly zero energy buildings (nZEBs). These homes of HOMIJ are 

marketed under trademark ‘MorgenWonen’. These homes are completely electric in demand and are 

installed with rooftop PV panels and air-to-water heat pumps.  The electricity generated from 

rooftop PV is expected to cover all the electricity demand of a home on yearly basis. In the 

Netherlands there is a net-metering policy wherein the house owners receive money for the on-site 

generated electricity they supply to the grid. Therefore MorgenWonen home owners have a 

zero/low energy bill which is the unique selling point of these houses. 

The actual performance (i.e. achieving a zero/low energy bill) faces challenges in the form of 

uncertainties arising from occupant behaviour and the discontinuation of net-metering policy in the 

Netherlands. For example it has been found out occupant behaviour can lead to large discrepancies 

between predicted and actual electricity consumption (Van Eck, 2016). These discrepancies 

sometimes lead to higher energy bills which will have adverse impact on HOMIJ’s business as it is 

likely to result in customer dissatisfaction. The focus of this project is in reducing risks associated 

with not meeting zero/low energy bills by making their design more robust to uncertainties. Another 

focus is to investigate if new business model based upon energy performance contracting (EPC) 

interesting in the future when there will be no net-metering policy.  

This project presents improved designs to HOMIJ. The improved designs comprise of energy related 

measures of a home, namely insulation level and energy system size. Energy system comprises of PV 

panels and electric storage as the MorgenWonen are all electric homes. The report provides design 

options based upon the investment HOMIJ is willing to do; the risks associated with the designs are 

quantified using mini-max regret method. The study found out that investing in larger energy system 

is more cost effective both during a lifetime of 25 and 50 years. Bigger energy systems have high 

investment costs but have lower total cost of ownership over the lifetime as compared to current 

design of MorgenWonen. If the company does not want to invest in bigger PV system then risk can 

be reduced by investing in higher insulation levels. However such designs still have high risks of not 

meeting customer’s expectations of zero/low energy bills, especially after discontinuation of net-

metering policy.  

The business case based upon EPC can be successful in the future. For such business HOMIJ has to 

invest in 10-15 kWh electric batteries to increase self-consumption meanwhile the price of batteris 

need to drop to 140 Euros/kWp from current prices of 490 Euros/kWp. Installing a battery capacity of 

20 kWh leads to a more risk-averse design but does not have an attractive business case. Without big 

PV system the risks associated with the business are high and thus such designs do not show an 

attractive business case. Under today’s costs of electric batteries the investments are too high to 

result in a feasible business case. 
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Chapter 1: Introduction 

1.1 Nearly zero energy buildings 

From the year 2020 all new buildings in Europe should be nearly zero energy buildings (nZEBs). This 

policy aims at reducing dependency of building sector on conventional form of energy and to 

increase renewable energy penetration in existing energy system. The exact definition of nZEB differs 

between the countries (Sartori et al., 2012) and among these definitions there are two significant 

characteristics of NZEBs which are found across all the definitions. These two characteristics are: 

1) All of the nZEBs have low energy demand, and 

2) Most of energy demand of nZEBs is met with on-site generated energy.  

The balance of energy demand and generation is calculated over a period of one year. A simple and 

effective way to generate onsite energy in buildings is to install rooftop PV/PVT panels to generate 

electricity and heat. Investing in energy generating technologies is expensive for building owners, 

and therefore, policies have been put in place by governments to promote investments in such 

technologies. The policies usually provide building owner monetary incentives which allows them to 

recover their investments.  

Net-metering is one such policy implemented in the Netherlands to support PV investments in the 

building sector. With the policy of net-metering the building owners can use electricity grid (here 

after just grid) as a virtual storage where they can store their generated electricity when in excess 

and use it later when generation is not enough. This allows the building owners to use their own 

generated electricity and save on their electricity bills. These saving on electricity bill are used to 

recover investment done in PV systems. 

There are technical and business related challenges which need attention to allow effective full scale 

roll-out of nZEBs by the end of year 2020. The next two sub-sections describe these technical and 

business challenges for nZEBs. 

1.1.1 Technical challenges 

Widely accepted definition of nZEB states that the demand and generation balance has to be met 

annually. However on a higher time scale due to stochastic nature of both energy demand and 

generation, mismatch occurs. These mismatches can potentially destabilize the electricity grid as 

penetration of nZEBs increases (Baetens et al. 2014). Thus in longer run with higher penetration of 

nZEBs the grid cannot be treated as virtual storage as doing so can de-stabilize it. The energy 

mismatch can also lead to loss of valuable renewable energy during the times the grid cannot absorb 

it. This has led to changes in support policies or even their removal in many countries like Spain, Italy 

and Germany. Thus the possible economic benefits which today motivate building owners to invest 

in nZEBs might not be met in future. This uncertainty in continuation of support policy poses a major 

challenge for building designers to design future-proof nZEBs. 

Occupant behaviour is a major uncertainty when it comes to high performance buildings like nZEBs. 

Occupant behaviour refers to presence of occupants and their actions which influences indoor 

environment and energy consumption of building (like appliance use, internal gains). Different 

occupants behave differently and a building is likely to be occupied by different occupants during its 

lifetime which again means the behaviour is also likely to change over the time. Thus a nZEB which is 
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zero energy in one year might not be zero energy in other. Study done by Turner et al. (2008) has 

shown that balance between energy demand and generation in nZEBs is sensitive to occupant 

behaviour. Poor design will adversely affect economic benefits which building owners are interested 

in. A nZEB design which does not take into account these uncertainties in occupant behaviour is also 

not likely to yield expected environmental benefits.  

1.1.2 Business challenges 

In order to successfully achieve EPBD goals the nZEB should be an economically attractive investment 

option. Currently the grid acts as a virtual storage where excess energy is stored for future use. This 

allows the nZEBs to have zero/low energy bill. The low energy cost helps in recovering the additional 

investments made in the building. Therefore these policies are currently making the investments in 

nZEBs an attractive option. To avoid grid instability (as explained in previous sub-section) it is likely 

that in future there will be restrictions on these policy or they may even be removed. Without the 

policy support investment in nZEBs will not be an attractive option and this is likely to jeopardize the 

business model of companies selling these nZEBs. Thereby new business models have to be realized 

for the future so that nZEBs can compete in the market in absence of support policies. 

1.2 MorgenWonen 

HOMIJ’s MorgenWonen are all electric homes equipped with PV panels and air-to-water heat pumps. 

The insulation levels of these homes are higher than what existing building codes prescribe and the 

design has an EPC value of -0.2 which qualifies them for being nZEB in the Netherlands. Because of 

following high building envelope standard and having advanced energy systems the costs of such 

homes becomes higher than normal homes. In order to keep the costs of homes down and to be in 

an affordable range these homes are constructed in bulk (10 or more) and have a standard design. A 

key strategy to keep the costs low is to have a separate investment company investing in the energy 

system of the homes. The investment company invests in the energy system and then is allowed to 

charge the home owners monthly/yearly fees to recover their investments in long run (around 20 

years) (see Figure 1). Since it is expensive to construct a single home of this design the company has 

to aggregate potential home owners in a locality before it starts constructing.  

The big clientele of HOMIJ are the housing associations which buy houses in large numbers. The 

housing associations usually rent out the Morgenwonen homes with higher rental costs. A part of 

this higher rental goes to the investment company which invests in energy system and with whom 

the housing association has contract with. Since such homes are expected to have zero energy costs, 

the higher rental/investment costs are still attractive to the clients. 

In order to improve such homes monitoring of various loads and power generation has been going 

on since the beginning of the construction of such houses (January 2015). Data from various 

monitored houses has revealed discrepancies between predicted energy consumption and actual 

energy consumption. This is not surprising as other studies on nZEBs have also revealed the same. As 

mentioned before occupant behaviour is usually a major cause of these discrepancies. In order to 

find out impact of occupant behaviour on the energy consumption an investigation was done 

previously by Van Eck et al. (2016) with the MorgenWonen design. It indeed concluded that variation 

in occupant behaviour has major effect on electricity consumption.  
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Figure 1: Current business model for MorgenWonen. 

1.3 Project context 

1.3.1 Risk-averse design 

Every business involves certain risk. Risk refers to possibility of not meeting expected benefits 

(profits) out of an investment under uncertainties. In case of HOMIJ it is the risk of not meeting the 

expected targets of MorgenWonen concept. The unique selling point (USP) of such homes is 

zero/low energy bills and thus the risk in HOMIJ’s business is directly related to ability of their design 

to meet zero/low energy bills under uncertainties. In every business it is important to minimize such 

risks and the same is true for the business of HOMIJ. Thus HOMIJ is interested in finding how they 

can improve their design so that it meets the goal of zero/low electricity under uncertainties. 

1.3.2 Design options 

In order to reduce the impact of the uncertainties a range of options is available from directly 

influencing occupants to designing more robust building and energy systems. This project focuses on 

design options. There are certain design options which are economically more feasible if 

implemented during construction. An example of such option is the insulation level of the building 

envelope. Once the building is built it is difficult to change it before major renovation takes. Then 

there are certain design options which can be implemented once the building is constructed and 

decision for them can be taken later in the lifetime of the building. Thus the design options can be 

broadly divided into building envelope related options and energy systems related options. For 

HOMIJ it is important to find out what options are cost optimal, i.e., investing in building envelope or 

in energy system? Having such information will help the company to make better decisions before 

the homes are even built. 

1.3.4 New business case feasibility 

Energy performance contracting based businesses have been successful in the industry sector for 

financing renewable technologies and could be used in housing sector as well. Thus the company 

wants to find out if business model based upon energy performance contracting can be implemented 

to sell MorgenWonen concept in future under absence of net-metering policy. 
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1.4 Design questions and scope  

1.4.1 Design questions 

The objective of this project is to provide design support for HOMIJ with respect to their 

MorgenWonen concept. Two types of uncertainties are considered of this project: 1) discontinuation 

of support policy (net-metering), and 2) occupant behaviour. There are two main questions which are 

answered in this project, one question related to design and the other question related to future 

business of MorgenWonen. These two main questions are further divided into sub-questions. 

1. What are the risk-averse optimal design solutions available for HOMIJ? 

a. How does the existing MorgenWonen design perform under uncertainties? 

b. How does the existing design be improved to increase energy cost robustness of 

MorgenWonen under uncertainties? 

i. What is the optimal insulation level of the robust solutions? 

ii. What is the energy system size for robust solutions? 

2. Is a new business case based upon the energy performance contracting feasible for the 

nZEBs ? 

a. What should be the contracting rate? 

b. What should be the contracting period? 

The design solutions (a product) should be seen as an addition to the existing product (incremental 

innovation) which will help HOMIJ to be competitive in the market with their MorgenWonen 

concept. As the risks of not meeting performance targets are reduced with innovative design 

solutions, it also makes investments by potential building buyers more secure. New risk-averse 

MorgenWonen designs can also open new business opportunity based upon energy performance 

contracting.  

1.4.2 Scope 

In this project the aspects of occupant behaviour which will form scenarios are: presence, appliance 

use, internal gains, ventilation rate, window opening, and domestic hot water use. For energy 

market/policy two different scenarios will be considered: 1) net-metering, and 2) no net-metering. 

For the future energy markets the most important factor to consider is the self-consumption of 

generated solar electricity. It is clear from energy market trends of countries having higher 

penetration of solar PV that the policy in future in the Netherlands will shift towards incentivizing 

self-consumption. The self-consumption can be increased through storage or demand response 

wherein occupants are encouraged to shift loads in return of economic incentives. This company 

project is limited to exploring the potential of storage. With storage there are two options: 1) storing 

energy in thermal form in building’s thermal mass or 2) storing in external storage. Electric batteries 

are becoming popular for increasing self-consumption in homes and as there costs are reducing it is 

promising option for the company. As MorgenWonen are all electric homes electric batteries are 

more practical option to increase the robustness of building design. 

Uncertainties and thus the risks also arise from equipment and system failures. Such uncertainties 

are not focus of this project. 

1.4 Layout of the report 

The report can be divided into three main parts. First part deals with the background of the project 

and defines the project objectives and design questions. This part is covered by chapter 1. Second 
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part deals with finding risk-averse design solutions using building performance and simulation. This is 

covered in chapters 2, 3, and 4. Third part explores possibility of business case based upon energy 

performance contracting and provides future recommendations to the company. This part is covered 

in chapter 5 and 6. Risk-averse design solutions obtained in part 2 are used to explore the feasibility 

of new business case in part 3. The Schematic of the report structure is shown in Figure 2. 

 

 
Figure 2: Schematic of report structure. 
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Chapter 2: Methodology for selecting risk averse design 

2.1 Design Method  

To provide design support to HOMIJ design approach of ‘analysis’ and ‘synthesis’ is applied. Analysis 

refers to a process of understanding the problem by breaking it down to several pieces. The process 

of analysis is always followed by synthesis and in this project this approach is followed two times.  

The first analysis process starts with understanding of the existing business of HOMIJ, and analysing 

existing design of MorgenWonen under uncertainties. This is done for understanding company’s 

requirement and performing background research on the topic. This process is shown in Figure 3 as 

‘discover’ phase. This is followed by synthesis process where the design questions and project scope 

are defined, ‘define’ phase in Figure 3.  

 

Figure 3: Schematic of design method used in this project. 

In the second analysis process various design options are explored and this is shown as ‘develop 

phase’ in Figure 3. For this building performance simulation (BPS) tool is used where design options 

defined in scope are modelled and simulated. In the second synthesis process optimal design 

solution are chosen based upon selected performance indicators. These design solution are further 

assessed based upon their feasibility to make profit under new business case and final 

recommendations are provided to the company (‘deliver’ phase in Figure 3). 

The design method discussed previously is more on conceptual level and in practice concrete steps 

were taken to deliver company’s requirements. Figure 4 shows the steps followed in this project. 

• Step 1: In this step requirement of the company was analysed. Concerns of the company 

were understood and background research was done on their problem. Different design 

options were analysed and some of them were selected for further analysis in this project 

based upon company’s preference. 

• Step 2: Once the company’s requirements were understood and assessment method was 

selected to assess risks of various design options. 

• Step 3: Different possible design options related to building envelope and energy systems 

were formulated. Different scenarios representing possible realities were created to analyse 

different designs. In order to quantify performance and risk of design under various scenarios 

performance indicators were chosen based upon interest of the company. 
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• Step 4: Scenarios and design options were implemented in computational building 

performance simulation tool. 

• Step 5: Existing design of HOMIJ is assessed for its performance under different uncertainties. 

• Step 6: Risk-averse design solutions are chosen based upon selected performance indicators. 

• Step 7: Feasibility of new business case based upon energy performance contracting is 

investigated using risk-averse design solutions. 

Based upon this analysis recommendations on designs are provided to the company. 

 
Figure 4: Approach followed in this project. 

A conventional approach for designing buildings and its energy system is to predict the energy 

consumption of the building with fixed and most representative occupant energy usage profiles. The 

designs which are optimal based upon investment cost and energy demand are then selected. 

However various uncertainties have significant impact on the performance especially on high 

performance buildings like of HOMIJ’s MorgenWonen. Furthermore addition of energy systems like 

PV, electric storage and heat pumps to buildings have made the design process more complex and 

has added more uncertainties. Therefore uncertainties should be included while designing a building 

and its energy system. In this project various design solutions are assessed with a new methodology 

defined by Kotireddy et al. (2015). This methodology uses BPS to investigate different design options 

under various uncertainties. Uncertainties are represented as scenarios since the probability of these 

cannot be known. To select risk-averse design solutions Mini-max regret theory is applied as shown 

by Kotireddy et al. (2017). 

BPS provides advantage of fast analysis of various designs which if done using actual buildings will 

take considerable time and money. BPS provides possibility to assess variety of scenarios which 

might not be practically feasible to implement in real life. Furthermore BPS provides opportunity to 

investigate big number of design solutions (from thousands to millions) in practical and cost effective 

way. 
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In order to reduce risks first it is important to quantify it. This is done in this project by measuring 

‘regret’ and in order to minimize risks the regret of the design should be minimized. This approach is 

explained in the next section. 

2.2 Mini-Max regret theory 

The mini-max regret theory (hereafter just regret theory) is a commonly used approach by investors 

to select risk-averse investments options. In the existing context of a design problem where the 

probabilities of uncertainties are unknown this approach can be effectively used for decision making. 

Different designs can be seen as investment options available to the company and using the regret 

theory HOMIJ can make a risk informed decisions. 

Regret is defined as the deviation of performance of a design from the best performing design under 

a particular scenario. The performance of a building design can be measured using performance 

indicators (PI) like energy cost, self-consumption, CO2 emission or any other PI depending upon the 

priority of stakeholder. The method for obtaining risk-averse design is explained using a simple case 

comprising of three design variants and two scenarios. Performance is measured using a hypothetical 

PI (dimensionless) and lower the PI better is the performance. Table 1 shows the values of the 

hypothetical PI for three design variants across different scenarios. The following steps are taken to 

find risk-averse design recommendations for the company: 

• Step 1 - Calculate regret: Best performing design variant (having least PI value) is chosen 

from a scenario. The value of PI for best performing design is then subtracted from PI values 

of the other design variants. In Table 1 the numbers below PI in red shows how regrets are 

calculated. This is done for all the scenarios 

• Step 2 - Find maximum regret:  maximum regret of a design variant across all the scenarios is 

found. This is shown in last column of Table 1. 

• Step 3 - Find minimum of maximum regrets: The design having minimum of the maximum 

regret calculated from previous step is the most risk-averse design among all the options.  

This is highlighted by orange colour in Table 1. The results from table 1 are also graphically 

presented in Figure 5. The regrets in this project are calculated based upon annual electricity 

bills of the designs. The maximum regrets thus obtained for all design becomes another 

performance indicators. 

• Step 4 – Design solutions selection: Becoming risk-averse comes at a cost as the company 

needs to invest either in building or in energy systems. In order to help the company to make 

decision, design solutions on Pareto-front of maximum regret, annual electricity costs and 

total cost of ownership for energy measures (TCOe) are selected. These indicators are further 

explained in the chapter 3. The building and energy systems are modelled based upon 

specification of HOMIJ. Details of models and simulations are included in Chapter 3. 

Mini-max regret theory offers many benefits as compared to other approaches. Main advantages are 

(Kotireddy et al. 2017):  

1) It includes of all the scenarios for analysis and not just extreme  scenarios,  

2) It allows intra-scenarios comparisons between the designs, 

3) It is a less conservative approach as the risk-averse design is selected based upon closeness 

of a design to the best performing one in all the scenarios. 

4) Decision maker can choose between designs based upon how much risk they are willing to 

take. 
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Table 1: Calculation of regrets of 3 design variants across 2 scenarios. 

Alternatives 
Performance indicator (PI) Maximum 

regret 
Scenario 1 Scenario 2 

Design variant 

1 

5 12 
9 

(5 - 5 = 0) (12 - 3 = 9) 

Design variant 

2 

11 6 
6 

(11 - 5 = 6) (6 - 3 = 3) 

Design variant 

3 

7 3 
2 

(7 - 5 = 2) (3 - 3 = 0) 

Best PI value 5 3 - 

 

 

Figure 5: Performance of three designs across 2 scenarios. 

2.3 Computational building performance simulation environment 

The simulation tool to model building and its energy system is TRNSYS17. An automated tool chain 

using Matlab is created to simulate all scenarios and design variants. All the design variants and 

scenarios are simulated for four principle orientations: North-South, East-West, Northeast-Southwest 

and Northwest-Southeast. 
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Chapter 3: Case study building, Scenarios, Design space and 

Performance indicators 

3.1 Case study building 

The case study buildings are MorgenWonen homes. The details of the building such as floor plan, 

detailed construction of building elements, and ventilation rate are provided in Appendix G. The 

construction properties of existing building design are summarized in Table 2. These buildings are all 

electric buildings whose heating demand is met by 5kWth air-to-water heat-pump (AWHP). The 

AWHP is from Mitsubishi Electric Company with model number: ‘EHST20C-VM6EB’. 

Table 2: Building construction properties of existing MorgenWonen. 

Building construction Values 

Roof (m2K/W) 6.65 

Wall (m2K/W) 5 

Floor (m2K/W) 5 

Window (W/m2K) 0.98 

 

The MorgenWonen concept of building has 26 m2- 32 m2of PV panel installed. For the base case it is 

assumed that the building has 26 m2 of PV panel installed. The electrical efficiency of PV is 15% 

(internal communication). Since the homes are built depending upon the availability of land for 

construction they can be orientated in any direction. In order to take this into account four different 

orientations are considered in this project: North-south, East-West, Northwest-Southeast, and 

Northeast-Southwest. 

3.2 The design space 

Variations can be made in building envelope (insulation level in this study) and in building energy 

systems (PV, storage, heat pump size). Both of these aspects are taken into account while creating 

design space. 

This project thus considers insulation level, PV size and electric battery size as design variant 

parameter. In total 375 different design variants are investigated. Table 3 summarizes all the 

different design variants investigated. Table 4 provides details of three different insulation level of 

building envelope considered in this study. In this study building envelope and its energy systems are 

optimized together. It is done so as to provide answer to an important question for the company: 

what is more cost optimal investment: higher insulation standard or a bigger energy system? 

An initial assessment was done to see the impact of insulation on size of heat pumps. In all the 

building envelope design the change in space heating was in a range of +/- 0.5 kW range from the 

base case.  This is not significant change and also not unusual because existing building is already 

highly insulated and going higher in insulation level will not significantly reduce the demand. On the 

other had the current standard for insulation level is also close to the existing MorgenWonen design 

thus it also does not increase the heating power to a significant level. Most of these buildings are 

semi-detached homes sharing walls on both the sides and are modelled similarly. This is also one of 

the main reason that by changing the building envelope the peak power is not affected much as 

limited surface are is exposed to outside. As heat pumps come in standard sizes, it is not possible to 
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get heat-pumps with small variations from existing one. It was found through initial analysis that the 

existing heat pump also satisfies thermal needs in building built with current building standards. This 

eliminates the need to implement heat pump size as design variant parameter and thus in this study 

same heat-pump size is used for all the building insulations.  

Table 3: Summary of the design options investigated in the study. 

 

Range Step size 
No: of 

variants 

PV Panel (both sides of 

pitched roof) 
0 to 25.6 m2 6.4 m2 25 

Storage 0 to 20kWh 5 kWh 5 

Building envelope standard 

Current standard, 

HOMIJ & Passive 

standard 

See Table 

4 
3 

 

Table 4: Building construction insulation levels. 

Building designs 

Current 

Standard 

[RVO, 2015] 

HOMIJ 

Passive 

standard 

[RVO, 2015] 

Roof (m2K/W) 6 6.65 10 

Wall (m2K/W) 4.5 5 9 

Floor (m2K/W) 3.5 5 7 

Window 

(W/m2K) 
1.65 0.98 0.8 

3.3 Scenarios 

To represent possible uncertainties related to occupant behaviour and policy changes different 

scenarios are created. Different occupant behaviour considered in this study with their values is 

summarized in Table 5. High and low values are chosen in order to get range of deviation of the 

performances. The scenarios are formed with combination of these parameters which results in 512 

(29) scenarios. Since there is no information available on probability of each scenario, all scenarios 

are considered. 
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Table 5: Details of the scenarios considered in this study. 

Parameter Low High 

Number of occupants (n) [VROM, 

2009] 
2 4 

Occupant presence [VROM, 2009] Evening Whole day 

Lighting gains (W/m2) [RVO, 2015] 1 3 

Equipment gains (W/m2) 

[Papachristos, 2015] 
1 3 

Window opening (ACH) [Eck, R. van 

2016] 
0.5 2 

Shower duration (minutes) [Eck, R. 

van 2016] 
6 20 

Heating setpoint parameters  

Heating setpoint occupied (0C) 

[VROM, 2009] 
18 22 

Heating setpoint unoccupied (0C)[ 

VROM, 2009] 
14 18 

DHW parameters 
 

Flow (kg/hr) [Eck, R. van 2016] 474 1026 

Duration (minutes) [Eck, R. van 

2016] 
n*[ 6] n*[ 20] 

Policy scenario 
 

Scenario 1 Net-metering 

Scenario 2 No net-metering 

 

3.4 Performance indicators  

Since the USP of the MorgenWonen is its zero energy bill it is important for company to make the 

annual electricity bill of such homes averse to uncertainties. Thus annual electricity cost is the most 

crucial performance indicator for HOMIJ. Other performance indicators considered in this project are 

total cost of ownership for energy measures (TCOe), maximum regret in annual electricity costs, 

additional investment cost for energy measures (AICe), energy matching indicators, and CO2 

emissions. 

3.4.1 Annual electricity costs 

The annual electricity cost is calculated as: 

Annual electricity cost (AEC) = Elc - Els + G – T  (1) 

Where, 

Elc = Annual electricity consumed from the grid, 

Els = Annual electricity supplied to the grid 

G = Annual grid connection costs (fixed = 270 Euros/year) 

T = Annual Tax exemption for electricity in the Netherlands (fixed = 375 Euros/year) 
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For all the scenarios with net-metering it is assumed that the electricity is sold to electricity grid at 

the same rate as it is purchased till the time homes generate as much as they consume. The cost of 

electricity is considered from year 2016 for households and is 0.18 Euros/kWh including taxes (CBS, 

2016). If the buildings generate more electricity than their consumption, on yearly level, they get 

compensated for excess electricity at the rate of 0.07 Euros/kWh (Benergy, 2017). In addition to this 

a constant yearly electricity grid connection fees of 270 Euros/year/home is added to the annual 

electricity bill. In the Netherlands all the residential buildings receive a tax exemption of 375 

Euros/year/home (based upon year 2015) which is a fixed amount and is also considered 

(https://www.belastingdienst.nl). 

For scenario without net-metering it is assumed that household do not get paid for the electricity 

they supply to the grid. And also no tax exemption is assumed. 

3.4.2 Investment and additional investment costs for energy measures 

Investment costs (IC) includes investments done on energy measures, namely in: insulation material, 

PV system, electric storage and windows. Other measures like heating generation and distribution 

system is not included as they remain same for all design variants. In order to get better 

understanding of investments in different designs additional investment cost in energy measures 

(AICe) is also calculated. It is calculated by subtracting investment cost of existing design from 

investment in other designs.  

Table 6: Investment cost for insulation in building elements and in windows. 

Building element 

Cost for insulation (Euros/m2) 

HOMIJ 

Design 

Passive 

standard 

Current 

standard 

Wall 30.72 52.80 27.84 

Floor 20.45 31.08 13.75 

Roof 55.50 76.58 51.41 

Window 125.00 125.00 45.00 

The net-metering scenario is not likely to happen in upcoming time therefore future price of battery 

is used for assessment. As per the study of Nyquist and Nilsson (2015) the price of battery system can 

drop to 140 Euros/kWh (Converted from USD to Euros as per exchange rate on 8th April 2017) and 

these are used in the analysis along with installation cost of €1100 (Powerwall, 2017). 

3.4.3 Total cost of ownership for energy measures 

TCOe is calculated to give complete picture of costs involved over the lifetime of building with various 

designs. Two lifetime periods, 25 years and 50 years, are considered for analysis based upon HOMIJ’s 

requirement.  

The TCOe is calculated as (Hamdy et al. 2013): 

����,� = ∑ (
��,�
�
�� + ���,�) + ���   (2) 

n represents nth number of design variant and j is the building or system element number (insulation 

level, PV panel size and battery capacity). EC is electricity cost for a design variant over a lifetime. 

This electricity cost is discounted based upon real energy escalation rate and inflation rate of the 

Netherlands. RC is the replacement cost of element j of design variant n. Since the warranty of 

battery is of 10 years (Powerwall, 2017) it is assumed that it is replaced every 10 years. And PV 
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lifetime is assumed to be 25 years. The inverter required with PV panel has a lifetime of 15 years thus 

replace every 15 years. 

3.4.4 Energy matching indices 

In absence of net-metering policy the energy matching between generation and consumption 

becomes important factor for getting lower electricity bills. To understand this two indices are used 

namely on-site energy fraction (OEF) and onsite energy matching (OEM) are used in this study (Cao et 

al. 2013). OEF is the context of this project is ratio of self-consumed electricity from PV panels and 

the demand of home over a period of year. OEM on the other hand is the ratio of self-consumed 

electricity from PV panel and total generated electricity over a period of year. OEF shows how much 

electricity is consumed from grid, higher the OEF lower the dependency on the grid and thus lower 

the electricity bill. OEM shows how much electricity is dumped into the grid, higher the OEM lower is 

the electricity dumped into the grid and thus better utilization of onsite generated electricity. 

��� =	
� ���[�(�)��(�);�(�)]!�

"#
"$"%

� �(�)
"#
"$"% !�

 (3) 

��& =	
� ���[�(�)��(�);�(�)]!�

"#
"$"%

� �(�)
"#
"$"% !�

 (4) 

Where, 

G(t) = electricity generate at time step t (W), 

S(t) = charging or discharging of storage at time step t (W), 

D(t) = demand of the building at time step t (W), 

The time period considered for simulation is one year with a simulation time step is of 5 minutes.  

Battery is always charged after meeting the demand. That means first generation meets the demand 

and if the generation is in excess of demand then the excess electricity is stored in the battery. If 

battery is full and generation exceeds the demand the excess generation is fed into the grid. Similarly 

when demand is higher than the generation the excess demand is met by the battery and if battery 

cannot provide it is assumed that grid provides the electricity. S(t) is positive when battery is charging 

and negative when discharging. 

3.4.4 CO2 emissions 

CO2 emissions are calculated based upon amount of electricity imported from the electricity grid. It is 

assumed that all the electricity fed into the grid do not compensate any CO2 emission while all the 

imported electricity result in CO2 emissions. The emission factor for calculating CO2 emission is 0.54 

kg/kWhe based upon report by Vreuls et al. (2009). 

  



 

16 

 

  



 

17 

 

Chapter 4: Performance analysis 
In this chapter first the analysis is done on the performance of base case design. This is followed by 

performance analysis of risk-averse design solutions under net-metering scenario and no net-

metering scenario. Design solutions in both the scenario are divided into two categories: 

1. Unconstrained solutions: explores whole of the design space. 

2. Constrained solutions:  HOMIJ wants to explore designs having PV panels only on one side of 

the pitched roof. Additionally they want to make decision whether they should change their 

building envelope to passive standard level. Therefore these constraints are put and optimal 

solutions are found for HOMIJ in order to help them making a decision. 

Acronyms used in this section: 

TCOe = Total cost of ownership in energy measures 

AICe = Additional investment cost in energy measures 

4.1 Performance analysis of base case design 

The base case design which corresponds to existing design of MorgenWonen is investigated first. The 

Building envelope parameters are given in Table 4. The area of PV installed on rooftop is 26 m2 and 

there is no battery installed.  

 

Figure 6: Yearly electricity cost in scenarios with net-metering and without net-metering. 

With net-metering the existing design performs well as the median value of annual electricity cost is 

close to zero (-36 euros/year). The lower quartile value of the annual electricity costs under net-

metering is -143 Euros and the upper quartile value is 140 Euros. While the minimum value -239 

Euros and maximum value is 389 Euros. With net-metering, it can be seen that annual costs under 

various scenarios are more skewed to the positive direction than to the negative side, which 

indicates a higher risk of not meeting zero annual electricity bills. 

In scenarios without net-metering it can be seen the median value changes drastically to 640 

Euros/year and the highest electricity bill goes above 1000 Euros/year. This is because in these 
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scenarios the grid cannot be used as virtual storage and actual savings depend upon the matching of 

electricity generation and demand. 

Figure 7 shows the OEF and OEM of the base case across all the scenarios. The energy matching 

fractions are low for this design and explain the reason for having high electricity bills without net-

metering. Looking at the box plots it can be concluded that the energy matching fractions of the 

existing design is poor and this has to be improved in order to remove the risks, especially in future 

possibility of net metering policy is removed. 

 

 

Figure 7: Energy matching indicators for the base case design. 

4.1.1 Influence of occupant behaviour 

A sensitivity test was done on occupant behaviour parameters in order to find out the most 

influencing ones. This was done using Mann-Whitney test, also used by Gaetani et al. (2016). Figure 8 

shows the result of this test. (1-p) values higher than 0.95 shows that the parameter is influential to 

annual electricity bill and lower values show that the parameters are less influential.  

It is observed that heating set points are not the most influential parameter as compared to others. 

This is because for high performance buildings like of HOMIJ the heating demand of building is 

comparatively lower and other demands like lighting and DHW become dominant which influence 

the final energy demand and thus the electricity bill.  

The results also show that the electricity demand is less affected by window opening. This cannot be 

generalized as this is highly depended upon how it is modelled. In the model representing window 

opening it is assumed that it is opened when indoor temperature is higher than 22oC and outside 

temperature is below indoor temperature to allow natural cooling. Additionally the windows are 

opened for short duration to represent occupant behaviour (Klep 2014). However if window is 

opened for longer periods during winter it is likely to increase electricity demand for heating and in 
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the total demand as well. In this study these extreme situations are not implemented in the model 

and because of this representation of window opening its influence on final electricity bill are lower. 

In general it can be said that there are many scenarios where the building owners need to pay extra 

money to the electricity provider as the design is not performing as a nZEB under those scenarios. 

Therefore it is important to know what cost effective risk-averse solutions exist. 

 

Figure 8: Sensitivity study of various occupant behaviour parameters’ impact on electricity demand. 

4.2 Performance analysis of design solutions under net-metering 

The building bound energy demand and PV electricity generation are influenced by the orientation of 

the building and therefore four principle orientations are investigated in this project. These 

orientations are: North-South, Northwest-Southeast, Northeast-Southwest, and East-West. All the 

design variants are investigated for these four orientations. All these solutions under net-metering 

scenario are shown in Figure 9. 

As mentioned in Chapter 2, the optimal designs are chosen based upon multiple objectives of 

minimizing annual electricity costs, TCOe and maximum regret. Figure 10 shows all the solutions on 

the Pareto-front of chosen objectives. The size of bubble represents the maximum regret of the 

design variant, bigger the bubble size higher is the maximum regret and thus higher the risk 

associated with the design. Colour of bubble represents the building envelope characteristics. Yellow 

is for existing building envelope of HOMIJ, blue is building envelope based upon current building 

standard (of year 2015) and green colour represents building envelope of passive house standard. 

Yellow bubble with black outline is the base case design of HOMIJ. Base case design does not lie on 

the Pareto-front and is shown for comparison with the solutions on Pareto-front. 
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Figure 9: Plot comparing annual electricity costs and total cost of ownership for all designs for all orientations under net-

metering scenario. The dotted black box indicates the region of Pareto-front solutions; see Figure 10 for more details. 

It is observed that TCOe of base case design is closer to home built with passive standards with bigger 

energy system while the maximum regret of base case is the highest. There are certain designs which 

cost less during the lifetime of building and are more risk-averse than the base case design. Thus the 

existing design of HOMIJ can be made more robust and cheaper as well over the building lifetime. 

Figure 11 compares four of the design solutions on Pareto-front to the base case design with respect 

to its design features, additional investment costs and maximum regrets. These designs are chosen 

based upon increasing AICe. It is observed that by increasing additional investment cost the median 

annual electricity cost and maximum regret reduces. Investments made today on energy measures 

are as important as TCOe and are of important concern for home buyers. Therefore both of them are 

shown in different figures for assessment. 

Designs with passive standard building envelopes have higher TCOe than the base case design. Such 

designs have lower performance spread and thus lower risk. However the base case design if added 

with more PV panels also results in a design which is on Pareto-front (design 2 in Figure 11). For this 

design the annual electricity costs under all scenarios are less than zero. Thus risk associated with not 

meeting zero energy bills is removed. Investing in better building envelope therefore is not cost 

effective. Investing in bigger system size will cost less during the lifetime than investing in building 

insulation. 
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Figure 10: Pareto-front of design solutions in net-metering scenario plotted on mean annual electricity cost versus total 

cost of ownership graph.  

 

Figure 11: Performance spread of design solutions based upon annual electricity costs. Number 1,2,3, & 4 correspond to 

deisgns as designated in figure 10. 

If the constraints of HOMIJ of putting PV on only side of roof are applied then the only way to reduce 

risk is by increasing the insulation level of the homes. However it should be considered that with 

higher insulation levels, there are problems of overheating which has to be then tackled with 

additional cooling. Thus putting insulation might not be as effective as it seems in terms of reducing 

risks related to annual electricity bill. Additionally it increases risks of overheating which might not be 

accepted by the owners. 

Results shown here are considering lifetime of 50 years. Analysis considering 25 years is not included 

as it only affects the TCOe. It can be intuitively deduced that with lower lifetime the passive standard 

design will have higher TCOe as compared to same building envelope for 50 years as lower energy 

savings will be accrued over smaller lifetime. This is also confirmed by the analysis done for 25 years 

under no-net metering policy in next section. 
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4.3 Performance analysis of design solutions under no net-metering 

scenario 

4.3.1 Unconstrained solutions – 50 years period 

 

 
Figure 12: Pareto-front design solutions plotted on graph showing their annual electricity costs on y-axis and total cost of 

ownership for energy measures (TCOe) in X-axis. This figure is for TCOe calculated for 50 years period. Numbers shows the 

designs picked based upon additional investment cost for further analysis. 

 

 
Figure 13: Optimal design solutions selected from Pareto-front in order of increasing additional cost of investments in 

energy measure (AICe). Number 1,2,3, & 4 corresponds to deisgns as designated in Figure 12. 

Passive standard building envelopes have higher AICe as compared to HOMIJ’s building envelopes 

and have lower maximum regret (thus lower risk) as compared to both current standard and HOMIJ’s 

building envelopes. Most of the designs on Pareto-front with passive standard building envelope 

have lower TCOe as compared to HOMIJ’s building envelopes but have higher TCOe as compared to 

current standard for building envelopes. All the Pareto-front designs have lower TCOe as compared to 

base case design. 

 

Lower maximum regret corresponds to lower performance spread. However with larger energy 

system the HOMIJ’s building envelope and passive standard building envelope both have similar 

performance spread. The existing homes in the future can therefore be made more robust in future 
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by adding more PV and electric battery. Battery size plays crucial role in reducing the maximum 

regret (and thus the risk). 

 

Higher insulation results in lower regret when it comes to annual electricity costs and at the same 

time it is more expensive investment option. However there are some designs of passive standard 

building envelope which have similar AICe as compared to HOMIJ’s building envelope and also have 

lower TCOe. Thus these designs options are attractive investments. These are highlighted in bold in 

Appendix A.  

 

Results of building orientated Northeast-Southwest are only shown in this section. Similar results are 

obtained for other orientations of the building and are added in Appendix A. 

 

4.3.2 Constrained solutions – 50 years period 

Constraints from HOMIJ were applied and Pareto-solutions were obtained again based on TCOe, 

annual electricity costs and maximum regret. Because of these constraints there are only six designs 

which are on Pareto-front. Figure 14 shows all the Pareto-front design solutions plotted on a graph 

with TCOe and annual electricity costs. It is observed that over a lifetime of 50 years all the Pareto-

front design solutions are cheaper and more risk averse than base case design. 

Figure 15 shows performance spread of these design solutions in the order of increasing AICe along 

with the design details. Lowest regrets among these designs lie in the range of 200 Euros. Comparing 

the results with the results from unconstrained solutions it can be said that adding storage has higher 

impact on reducing regret (and thus the risk) as compared to improving building envelope or adding 

more PV. 

Designs with passive standard building envelope have lowest regrets. These designs have higher total 

cost of ownership for energy measures and higher additional investment costs for energy measures 

as compared to designs with HOMIJ’s building envelope. 

 

Figure 14: All design solutions on Pareto-front considering constraints of HOMIJ plotted on graph showing their annual 

electricity costs on y-axis and total cost of ownership in energy measures (for 50 years) in X-axis.  
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Figure 15: Optimal design solutions under constraints of HOMIJ. Designs 1, 2, 3, & 4 correspond to the designs shown in 

Figure 14. 

Performance spread and annual electricity costs of designs having HOMIJ’s building envelope and 

passive standard building envelope do not vary much (see Figure 15). Therefore going for a higher 

building envelope will be expensive which will not help in improving cost performance of 

MorgenWonen. Risk under this situation can be reduced further by having differential contracting 

rate depending upon number of occupant in the building. This is later assessed in Chapter 5 dealing 

with the new business case. 

Results from different orientations are added in Appendix A. It is observed, for homes orientated 

northeast-southwest and having HOMIJ’s building envelope, that the lower regrets and lower annual 

electricity costs are obtained with PV panels installed on roof facing southwest. While for same 

orientation but with building envelope of passive standard the lowest regrets are obtained if PV 

panels installed facing northeast. In order to understand reason behind this onsite energy fraction 

(OEF) which is measure of self-consumption is analysed. Figure 16 shows OEF of these designs. It is 

observed that for designs with HOMIJ’s building envelope higher OEF is obtained when PV panels are 

placed facing south-east and for passive standard higher OEF is obtained when PV face northeast. As 

HOMIJ’s building envelope has higher building bound energy needs it is important to have higher 

electricity generation which is achieved when PV panels face south. While for passive standard 

designs energy matching is more important than generation which is obtained when PV faces 

northeast as it can cover early morning peaks. 

Similarly it is observed that for homes orientated east-west and having HOMIJ’s building envelope 

the lower maximum regrets (and also lower annual electricity costs) are obtained with PV panels 

installed on roof facing west. For designs having passive standard building envelope the lowest 

maximum regrets and lowest annual electricity costs are obtained when PV panels face east. For 

more details see Appendix A. 
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Figure 16: OEF of designs having PV facing north and south for the orientation Northeast and Southwest. All designs have 

10 kWh batteries and 26 m2 of PV area. 

4.3.3 Unconstrained solutions – 25 years period 

Comparing Figure 12  and Figure 17, the Pareto solutions for 25 years period remain the same except 

the design 1 (in Figure 12) is not on the Pareto front anymore. Rest all of the Pareto solutions remain 

same. The annual electricity costs and investment costs remain the same. The only indicator which 

changes is TCOe. It can be seen that designs with passive standard insulation have become more 

costly (comparing TCOe) than the designs with lower insulation levels. This is because in longer run 

the passive standard designs save more energy than in shorter duration and thus are more cost 

effective is longer periods. Results from other orientations lead to same observations as in 50 years 

period and are attached in Appendix B. 

 

Figure 17: Pareto-front design solutions plotted on graph showing their annual electricity costs on y-axis and total cost of 

ownership in energy measures in X-axis. This figure is for TCOe calculated for 25 years period. 

 



 

26 

 

4.3.4 Constrained solutions – 25 years period 

The results are similar to results obtained in the case of 50 years period. Only change is that there is 

one more design on the Pareto-front. This design (shown in grey circle in Figure 18) has 26m2 area of 

PV panels with 20 kWh of battery capacity. This design was not in Pareto-front for 50 years period. 

(see Figure 14). The reason for it to be on Pareto-front is its TCOe compared to passive standard 

based design solution over a period of 25 years. Over period of 50 years the new design on Pareto -

front has higher TCOe and thus is not on Pareto-front. 

For different orientation of buildings and thus of PV panels the results lead to same observations as 

in the case of 50 years period. Results from other orientations are in Appendix B. 

 

Figure 18: All design solutions on Pareto-front considering constraints of HOMIJ plotted on graph showing their annual 

electricity costs on y-axis and total cost of ownership in energy measures (for 25 years) in X-axis. 

4.4 Conclusions 

4.4.1 Scenario with net-metering policy 

In case of net-metering scenario, it is economical to invest in energy generation systems to improve 

the design robustness to annual electricity costs. This can also be achieved by improving building 

insulation levels in addition to larger energy systems; however, it results in higher additional 

investment costs. Thus, existing HOMIJ design with larger energy systems can avoid the risk of not 

meeting zero energy bills and hence, a robust optimal solution. This solution is not meeting current 

HOMIJ design constraint of having energy generation system only on one side of roof. In contrast, the 

designs that are meeting HOMIJ’s constraint are having very high insulation levels and are prone to 

overheating risks. Thus bigger energy systems are more effective in increasing robustness of the 

building design. The conclusions made here stand true considering both 25 and 50 years lifetime of a 

house. 

4.4.2 Scenario without net-metering policy 

Investments in insulation and energy system both are equally effective in reducing the risk and 

investing in both together results in least risk-averse designs. It is up to the company to select based 

upon how much they would like to invest. With the method used in this project the company can 

select depending upon their budget and risk taking capacity.  

Looking at AICe it is more cost effective to invest in bigger energy system to reduce the risks. The 

solutions with least risk have both bigger energy system and higher insulation value and thus require 
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high investments. The investments which are costly today lead to lower TCOe for the owners during 

the lifetime of the home (for both 25 years and 50 years period). 

Since HOMIJ’s building with bigger energy system has same performance spread as designs with 

passive standard building envelope it would be cost effective to invest in energy systems. This also 

avoids risk of increasing overheating hours arising in passive standard building envelope. 

Dividing the performance of designs based upon number occupants does not change the results. 

Results of this analysis are shown in Appendix C. It is observed that under the occupancy of two 

people the performance spread, annual electricity costs and maximum regret are reduced but not to 

a significant level. Under occupancy of four people the results are same as what is observed for all 

the scenarios mention in previous sections showing that the highest occupancy leads to higher 

deviation and thus higher maximum regrets. This also shows that in well insulated buildings the 

performances related to costs are more influenced by non-building bound loads as also observed 

from Mann-Whitney test (in section 4.1.1). 

CO2 emissions follow same trend as annual electricity costs under no net-metering scenario. This is 

because emissions depend upon amount of electricity imported from the grid. Graphs of these can 

be found in Appendix D. It is realised that the existing design has high CO2 emissions. From 

environmental perspective the design solutions on Pareto-front result in significant reduction in CO2 

emissions.  
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Chapter 5: New business case 

5.1 Background 

As the share of renewable energy in a country increases and as the cost of renewable technologies 

goes down the supporting policies are subsequently removed. This trend can be seen in many 

countries like Germany, Spain, Italy, and Czech Republic. It is likely that in future net-metering policy 

will not exist in the Netherlands. Under this scenario the existing business model of HOMIJ will not 

work. The gird cannot be treated as a storage and the homes will start receiving a electricity bill for 

every kWh they import. So in order to use on-site electricity and reduce the electricity bill, 

investments in electric storage are required. The question now arises on who will invest in the 

electric batteries and how will these investments be recovered. Business based upon energy 

performance contract (EPC) is one of the ways to do the investments and recover these investments 

over time. EPC based business has been proven successful previously in different cases and can be 

used by HOMIJ in the future to do business. This chapter will explain what EPC is, how it can be 

implemented by HOMIJ and whether it will be a feasible business case for HOMIJ. 

5.2 Energy performance contracts (EPC) 

Energy performance contracts can be defined as: 'creative financing' for capital improvement which 

allows funding energy upgrades from cost reductions (European commission: Joint research centre). 

In the construction sector EPC has been used for long time to finance investments in energy 

efficiency while in industry sector it has been used to finance both the investments in energy 

efficiency and in renewable energy technologies (Bhattacharjee et al. 2010, Geller et al. 2006). The 

concept is simple where investments in energy efficiency/renewable technologies are done in order 

to reduce energy bills. This savings in energy bills is then utilized to payback the initial investment.   

The financing can come from three different sources: customer financing, Energy Service Company 

(ESCO) financing and third party financing (de Boer et al. 2011). Historically ESCO’s have played 

crucial role in using and promoting EPC (Barneveld, 2011).  ESCO are the companies whose business 

is to provide a broad range of energy services for projects designed to improve energy efficiency 

(Bhattacharjee et al. 2010). The business models of ESCO differ from country to country. The report 

by Barneveld, 2011 provides extensive understanding of ESCO’s in Dutch context. Having EPC with 

ESCO has various benefits, the savings are guaranteed and the financing is arranged by ESCO itself 

(Bertoldi et al. 2006).  

EPC based business can be used by HOMIJ for their MorgenWonen concept in absences of net-

metering policy. Figure 19 shows the basic concept based upon the EPC business model. For EPC it is 

important to define a baseline costs. For HOMIJ and its customers the baseline costs would be the 

annual electricity bill the customer would have to pay in the future in absence of net-metering. 

HOMIJ would then invest in electric battery which will reduce the electricity bill for the customers. 

HOMIJ and its customers can agree on a predefined contracting rate for a limited number of years. 

This contracting rate would be lower than what customers would be paying without battery and high 

enough for HOMIJ to get its investment back with certain margin of profits. Once the contracting 

period is over the remaining savings will be accrued by the customers 
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Figure 19: Basic concept of EPC based business model for HOMIJ. 

The next section describes how feasibility of EPC based business case is assessed in this project. 

5.3 Feasibility study method 

The classical way of determining the feasibility of a project is done by calculating 1) Payback period, 

2) net present value (NPV) and 3) internal rate of return (IRR). In this project IRR is used to determine 

whether the new business case is feasible or not. IRR is defined as the rate of return which results in 

a net present value of zero for the project.  NPV is calculated as shown in equation (5). 

'() =	∑
*"

(�+�,,)"
�
�-  (5) 

Where, 

t = time (years), 

Ct = net cash flows in year t (Euros), and 

IRR = internal rate of return (discount rate). 

In order to calculate IRR, NPV in equation 5 is set to zero and IRR and t is set as desired by HOMIJ. 

The resulting cash flow obtained is the contracting rate for the EPC business. As per company the 

desired IRR for any business they invest in should be 8% or more thus the IRR is set to 8%.  

As investment is done on electrical battery, the size of the battery determines the investment 

needed and thus the feasibility of business. Different design having different battery capacities are 

picked from the Pareto front to find out contracting rate which would yield IRR of 8%. In year zero 

the net cash flows will be negative and would be equal to investment done. The investments include 

cost of battery and installation costs. Since this business case is for future, an expected battery price 

in the future is used for analysis. As per the study of Nyquist and Nilsson (2015) the price of battery 

can drop to 140 Euros/kWh (Converted from USD to Euros as per exchange rate on 8th April 2017) by 

2025. This investment cost is used in the analysis and installation cost of €1100 is assumed 
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(Powerwall, 2017). For calculating contracting rate the annual energy escalation rate and inflation 

rate are taken into account which is same as used for calculating total cost of investments. 

Two studies were done, one with business having IRR of 8% to have a profitable business and other 

with an IRR of 2%. The second study is done to provide information to HOMIJ on how they can 

successfully run their existing business without venturing into new business of EPC. In later case the 

company needs to install battery to reduce the electricity bill and to still make their homes attractive 

to new customers. In this case HOMIJ (or its investing partner) still needs to recover investments on 

battery at the rate of 2% which is equal national interest rate in the Netherlands. 

5.4 Results 

This section only includes the results for the business model based upon 8% IRR and for future 

battery prices. For 2% IRR and business model with current battery prices refer to Appendix E and 

Appendix F respectively. 

5.4.1 Unconstrained design solutions 

Table 7: Business case results showing contracting rates required for various designs for 10 year period. Design solutions 

are obtained from unconstrained Pareto-front. 

  

Annual 
electricity 

cost 
(€/year) 

PV 
size 
(m2) 

Building 
envelope 

Battery 
size 

(kWh) 

Contracting 
rate (€/year) 

IRR 
Regret 

(€) 
TCOe 
(k€) 

Design 1 97 51 
HOMIJ 

standard 
15 560 8% 225 36.08 

Design 2 91 51 
HOMIJ 

standard 
20 650 8% 210 38.1 

Design 3 129 38 
Passive 

standard 
10 490 8% 174 34.18 

Design 4 113 38 
Passive 

standard 
15 570 8% 96 35.79 

Design 5 93 51 
Passive 

standard 
10 450 8% 99 36.61 

Design 6 78 51 
Passive 

standard 
15 540 8% 17 38.27 

Design 7 73 51 
Passive 

standard 
20 640 8% 13 40.31 

 

5.4.2 Constrained design solutions 

As HOMIJ does not want to go lower on their building envelope, designs having current building 

standard envelope are removed from the Pareto front. From the remaining design solutions, seven 

designs are chosen for further investigation of business case. 

Table 8: Business case results showing contracting rates required for various designs under HOMIJ’s constraints for 10 

year period. 

  

Annual 
electricity 

cost 
(€/year) 

PV 
size 
(m2) 

Building 
envelope 

Battery 
size 

(kWh) 

Contracting 
rate  

(€/year) 
IRR 

Regret 
(€) 

TCOe 
(k€) 
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Design 
1 

211 26 
HOMIJ 

standard 
10 570 8% 494 30.67 

Design 
2 

192 26 
HOMIJ 

standard 
15 650 8% 432 32.17 

Design 
3 

186 26 
Passive 

standard 
10 545 8% 285 32.59 

Design 
4 

165 26 
Passive 

standard 
15 625 8% 222 34.01 

Design 
5 

156 26 
Passive 

standard 
20 720 8% 210 35.9 

 

5.5 Analysis 

It is clearly seen that a 20 kWh battery does not result in an attractive business case as the 

contracting rate is same as what customers would have to pay to the grid operator without battery 

(this threshold is €640/year). From risk reduction perspective as well the 20 kWh battery does not 

improve the performance much as reduction in regret is not substantial as compared to additional 

investments done in bigger battery. 

Under the constraints of HOMIJ only designs with 10 kWh make a feasible business case. The existing 

building envelope involves higher risks as compared to the passive standard building envelope as the 

only way to reduce electricity bill is to reduce demand by higher envelope standard. However it 

should be noted that the passive standard designs have higher overheating risks and thus might 

require additional cooling; this cooling electricity demand is not taken into account in current 

investigation. Since the contracting rates are low as compared to average electricity bill in the 

Netherlands (≈1500 – 2000 Euros/year) a small increase in demand can change feasibility of the 

business case. However the impact of increased demand could be subdued by onsite generation and 

storage and thus it is difficult to say with the current analysis how having cooling would affect the 

business case. 

The constrained design solutions with HOMIJ’s building envelope have very high maximum regret 

and thus have high risk. In order to avoid risks HOMIJ has to invest in bigger PV panels otherwise the 

business model with EPC has high risk and unattractive. 

The investigation is done using median values of cost saved and baseline costs. The risks can be 

further reduced by making contracting rate dependent on the number of occupant. As observed 

from the sensitivity analysis (Figure 8) that in the well-insulated building of HOMIJ the most sensitive 

parameters are related to number of occupant rather than building envelope itself. It was further 

investigated to find out if having different contracting rates depending upon the number of 

occupants can reduce regret (see Figure 21 to Figure 24 in appendix C). In this analysis performance 

spread of the Pareto-front designs were assessed with 2 occupants and 4 occupants respectively. It 

was found that this does not reduce the performance spread or the maximum regret to an extent 

which can be considered significant. Thus different contract based upon number of people will not 

help in reducing the risks further. 

The contracting period assumed here is 10 years which is equal to the lifetime of a battery. With this 

time period the contracting rate is calculated to be below the threshold of feasibility. Reducing the 

time period will increase the contracting rate making the business more unattractive. Thus the final 

business model looks as shown in Figure 20. After this year the contract has to be renewed. 
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In order to reduce the time period and to make business more attractive the investments costs needs 

to go down further. As the cost of battery is already reduced in the calculations the only way it can 

be reduced is by reducing installation costs. Therefore if with advancement of technology the 

installation of systems becomes simpler, for example a plug and play king of device, the business will 

become more attractive and would yield better returns. 

 

Figure 20: Graphical representation of final business case for HOMIJ. 

Appendix F shows results from analysis done to find if the EPC business can be done using today’s 

battery costs. In this analysis the existing battery cost of 490 Euros/kWh is taken into account 

(Powerwall, 2017). It is observed that even with 2% of IRR the contracting rates are high and does 

not lead to a attractive business case. Thus it is concluded that with current battery costs the EPC 

based business is not feasible. 
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Chapter 6: Design recommendations and future outlook 

6.1 Design recommendation 

• Under net-metering policy it is more cost effective to invest in bigger energy system than to 

invest in a more insulated building envelope. 

• Without net-metering policy both energy system and building envelope play an important 

role in reducing the risk. The most important parameter being the capacity of battery. It is 

recommended to invest in 10-15 kWh batteries as it yields a feasible business case with 

reduced risks. 20 kWh battery is an expensive option which does not yield profitable business 

case. 

• It is recommended to go for a 10 years contracting period as it will result in lower contracting 

rate. 

• With the current constraints of HOMIJ the business case is high on risk and therefore should 

be avoided.  

• In order to reduce risks the orientation of PV panels in east-west orientated building with 

HOMIJ’s building envelope should be west. And for passive standard building design it should 

be east. 

• For building oriented northeast-southwest the PV panels should be on southwest facing roof 

for HOMIJ’s building envelope and towards northeast for passive standard envelope. 

• In case HOMIJ does not want to take the risk in the new business case, HOMIJ can still invest 

in battery and sell the MorgenWonen as low energy bills homes. In this case they need to 

charge customers with contracting rates of between 270 to 345 Euros/year for 10 years 

period. With this business the contracting period can be lowered to 5 years (with 10kWh 

battery) period by increasing the contracting rate which is still attractive. 

• The business case with today’s battery prices is not attractive thus company should only 

invest in electric storage solution if the prices drop to the expected level of about Euros 

140/kWh. 

6.2 Future outlook 

• Non-building bound loads are more significant in determining the success of the business for 

high performing buildings.  Therefore in order to reduce risks and to optimize contracting 

rate HOMIJ should analyse the actual data from the MorgenWonen homes which are already 

occupied. This will give better understanding of the actual demand. Since in this project no 

actual data was available the contracting rate was based upon median value of annual 

electricity costs. With the actual data the annual electricity costs can be predicted more 

accurately and risks associated with the business failure can be reduced even further. 

• The building model can be improved by using actual occupant behaviour profiles which can 

then be used to assess performance in a better way. 

• The passive standard building envelope should be analysed further for overheating risks. 
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Appendix A  
This appendix has results based upon 50 years period as lifetime of houses. Note that the base case 

design is not in Pareto-front and is included in tables just for reference. 

Table 9: Results from net-metering scenario, North-South orientation design solutions, 50 years period. 

House 

envelope 

PVn 

(m2) 
PVs (m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 

standard 
6.4 25.6 0 11.98 -135.59 480.87 11.58 -1.24 

Current 

standard 
12.8 25.6 0 12.22 -177.86 372.17 12.67 -0.14 

Base 

case 
0 25.6 0 25.09 -81.00 566.00 12.82 0 

Current 

standard 
19.2 25.6 0 12.71 -214.09 279.00 13.77 0.95 

Current 

standard 
25.6 25.6 0 12.96 -256.36 170.31 14.86 2.05 

HOMIJ 25.6 25.6 0 15.19 -258.91 162.08 17.20 4.38 

Passive 

standard 
19.2 25.6 0 17.19 -233.56 108.70 19.02 6.20 

Passive 

standard 
25.6 25.6 0 17.44 -275.84 1.80 20.12 7.30 

 

Table 10: Results from net-metering scenario, East-West orientation design solutions, 50 years period. 

House 

envelope 

PVe 

(m2) 

PVw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 27.23 -36.00 620.00 12.82 0 

Current 

standard 
25.6 25.6 0 12.62 

-

264.82 
154.34 14.86 2.05 

Passive 

standard 
25.6 25.6 0 17.08 

-

284.71 
0.37 20.12 7.30 

 

Table 11: Results from net-metering scenario, Southwest-Northeast orientation, design solutions, 50 years period. 

House 

envelope 

PVne 

(m2) 

PVsw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 27.41 -32.00 618.00 12.82 0 

Current 

standard 25.6 6.4 0 12.54 -121.29 519.87 11.58 -1.24 

Current 

standard 25.6 12.8 0 12.55 -169.59 395.68 12.67 -0.14 

Current 25.6 19.2 0 12.84 -210.98 289.24 13.77 0.95 
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standard 

Current 

standard 25.6 25.6 0 12.84 -259.28 165.05 14.86 2.05 

HOMIJ 25.6 25.6 0 15.06 -262.25 157.12 17.20 4.38 

Passive 

standard 19.2 25.6 0 17.26 -231.70 123.69 19.02 6.20 

Passive 

standard 25.6 25.6 0 17.28 -279.80 1.08 20.12 7.30 

 

Table 12: Results from net-metering scenario, Southeast-Northwest orientation, design solutions, 50 years period. 

House 

envelope 

PVnw 

(m2) 

PVse 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 27.23 -32.00 614.00 12.82 0 

Current 

standard 6.4 25.6 0 12.48 -122.83 516.39 11.58 -1.24 

Current 

standard 12.8 25.6 0 12.50 -170.94 392.69 12.67 -0.14 

Current 

standard 19.2 25.6 0 12.79 -212.17 286.67 13.77 0.95 

Current 

standard 25.6 25.6 0 12.80 -260.27 162.97 14.86 2.05 

HOMIJ 25.6 25.6 0 15.03 -263.03 155.04 17.20 4.38 

Passive 

standard 19.2 25.6 0 17.26 -231.70 123.78 19.02 6.20 

Passive 

standard 25.6 25.6 0 17.28 -279.80 2.60 20.12 7.30 

 

 

 

 

Table 13: Results from no net-metering scenario Southeast-Northwest orientation without any constraints from HOMIJ 

and assumed lifetime of 50 years. 

House 

envelope 

PVnw 

(m2) 

PVse 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 
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Current 

standard 0 25.6 10000 28.78 221.91 503.36 11.88 -0.93 

Current 

standard 0 25.6 15000 30.11 198.65 440.30 12.58 -0.23 

Base 

case 
0 25.6 0 43.23 640.00 930.00 12.82 0.00 

Current 

standard 6.4 25.6 10000 29.37 188.33 447.43 12.98 0.16 

Current 

standard 6.4 25.6 15000 30.87 169.31 372.60 13.68 0.86 

Current 

standard 12.8 25.6 10000 30.15 159.44 392.47 14.07 1.26 

Current 

standard 12.8 25.6 15000 31.72 142.08 313.09 14.77 1.96 

Current 

standard 19.2 25.6 10000 31.30 139.69 353.36 15.17 2.35 

Current 

standard 19.2 25.6 15000 32.89 122.99 271.76 15.87 3.05 

Current 

standard 25.6 25.6 10000 32.48 120.87 317.28 16.26 3.45 

Current 

standard 25.6 25.6 15000 34.10 105.06 231.89 16.96 4.15 

Passive 

standard 
0 25.6 10000 32.59 185.71 284.65 17.14 4.32 

Current 

standard 
25.6 25.6 20000 36.12 99.24 215.94 17.66 4.85 

Passive 

standard 0 25.6 15000 34.01 164.82 222.22 17.84 5.02 

Passive 

standard 6.4 25.6 10000 33.31 155.31 228.80 18.23 5.41 

Passive 

standard 6.4 25.6 15000 34.83 136.80 155.19 18.93 6.11 

HOMIJ 25.6 25.6 15000 36.08 96.20 225.05 19.30 6.48 

Passive 

standard 
12.8 25.6 10000 34.18 128.69 174.01 19.33 6.51 

HOMIJ 25.6 25.6 20000 38.10 90.18 209.47 20.00 7.18 

Passive 

standard 12.8 25.6 15000 35.79 112.53 96.17 20.03 7.21 
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Passive 

standard 19.2 25.6 10000 35.37 110.05 135.17 20.42 7.60 

Passive 

standard 19.2 25.6 15000 37.03 95.18 55.12 21.12 8.30 

Passive 

standard 25.6 25.6 10000 36.61 92.77 99.18 21.52 8.70 

Passive 

standard 25.6 25.6 15000 38.27 77.89 16.92 22.22 9.40 

Passive 

standard 25.6 25.6 20000 40.31 72.53 13.27 22.92 10.10 

 

Table 14: Results from no net-metering scenario Northeast-Southwest orientation without any constraints from HOMIJ 

and assumed lifetime of 50 years. 

House 

envelope 

PVne 

(m2) 

PVsw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 

standard 
0 25.6 10000 29.00 227.50 524.71 11.88 -0.93 

Base 

case 
0 25.6 0 43.23 640.00 930.00 12.82 0.00 

Current 

standard 6.4 25.6 10000 29.54 192.62 460.05 12.98 0.16 

Current 

standard 6.4 25.6 15000 31.04 173.74 380.04 13.68 0.86 

Current 

standard 12.8 25.6 10000 30.23 161.47 399.12 14.07 1.26 

Current 

standard 12.8 25.6 15000 31.79 143.99 316.80 14.77 1.96 

Current 

standard 19.2 25.6 10000 31.35 141.09 357.38 15.17 2.35 

Current 

standard 19.2 25.6 15000 32.94 124.33 273.97 15.87 3.05 

Current 

standard 25.6 25.6 10000 32.50 121.42 319.20 16.26 3.45 

Current 

standard 25.6 25.6 15000 34.13 105.80 232.80 16.96 4.15 

Passive 

standard 
25.6 0 10000 32.59 185.71 284.59 17.14 4.32 
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Current 

standard 
25.6 25.6 20000 36.17 100.30 216.89 17.66 4.85 

Passive 

standard 25.6 0 15000 34.01 164.82 222.16 17.84 5.02 

Passive 

standard 25.6 6.4 10000 33.31 155.31 228.74 18.23 5.41 

Passive 

standard 25.6 6.4 15000 34.83 136.80 155.13 18.93 6.11 

HOMIJ 25.6 25.6 15000 36.12 97.17 226.00 19.30 6.48 

Passive 

standard 
25.6 12.8 10000 34.18 128.69 173.95 19.33 6.51 

HOMIJ 25.6 25.6 20000 38.12 90.77 210.44 20.00 7.18 

Passive 

standard 25.6 12.8 15000 35.79 112.53 96.11 20.03 7.21 

Passive 

standard 25.6 19.2 10000 35.37 110.05 135.11 20.42 7.60 

Passive 

standard 25.6 19.2 15000 37.03 95.18 55.06 21.12 8.30 

Passive 

standard 25.6 25.6 10000 36.61 92.77 99.16 21.52 8.70 

Passive 

standard 25.6 25.6 15000 38.27 77.89 16.25 22.22 9.40 

Passive 

standard 25.6 25.6 20000 40.31 72.53 11.88 22.92 10.10 

 

Table 15: Results from no net-metering scenario East-West orientation without any constraints from HOMIJ and assumed 

lifetime of 50 years. 

House 

envelope 

PVe 

(m2) 

PVw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 43.23 640.00 930.00 12.82 0.00 

Current 

standard 25.6 6.4 10000 31.01 229.54 538.08 12.98 0.16 

Current 

standard 25.6 12.8 10000 31.24 186.62 464.87 14.07 1.26 

HOMIJ 0 25.6 10000 30.67 210.89 543.86 14.22 1.40 

Current 

standard 
25.6 19.2 10000 32.05 158.48 415.36 15.17 2.35 
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HOMIJ 6.4 25.6 10000 31.33 178.88 488.02 15.31 2.50 

Current 

standard 
25.6 19.2 15000 33.80 145.97 344.76 15.87 3.05 

HOMIJ 6.4 25.6 15000 32.90 161.69 414.43 16.01 3.20 

Current 

standard 
25.6 25.6 10000 32.93 132.19 371.69 16.26 3.45 

HOMIJ 12.8 25.6 10000 32.18 151.74 433.22 16.41 3.59 

Current 

standard 
25.6 25.6 15000 34.62 118.07 292.03 16.96 4.15 

HOMIJ 
12.8 25.6 15000 33.71 133.45 355.40 17.11 4.29 

HOMIJ 
19.2 25.6 15000 34.86 113.98 314.36 18.20 5.39 

Passive 

standard 
25.6 6.4 10000 34.87 194.43 265.84 18.23 5.41 

HOMIJ 
25.6 25.6 10000 34.56 114.53 358.39 18.60 5.78 

HOMIJ 
25.6 25.6 15000 36.08 96.20 274.88 19.30 6.48 

Passive 

standard 
25.6 12.8 10000 35.30 156.83 192.92 19.33 6.51 

HOMIJ 25.6 25.6 20000 38.10 90.18 259.30 20.00 7.18 

Passive 

standard 25.6 12.8 15000 37.00 142.91 151.05 20.03 7.21 

Passive 

standard 25.6 19.2 10000 36.23 131.68 151.05 20.42 7.60 

Passive 

standard 19.2 25.6 15000 37.83 115.16 116.65 21.12 8.30 

Passive 

standard 25.6 19.2 15000 37.83 115.18 116.31 21.12 8.30 

Passive 

standard 25.6 25.6 10000 37.19 107.36 121.53 21.52 8.70 

Passive 

standard 25.6 25.6 15000 38.77 90.32 83.00 22.22 9.40 

Passive 

standard 25.6 25.6 20000 40.80 84.68 74.90 22.92 10.10 

 

Table 16: Results from no net-metering scenario North-South orientation without any constraints from HOMIJ and 

assumed lifetime of 50 years. 

House 

envelope 

PVn  

(m2) 
PVs (m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 0 25.6 10000 27.84 198.26 507.24 11.88 -0.93 
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standard 

Current 

standard 0 25.6 15000 29.17 175.08 420.21 12.58 -0.23 

Base 

case 
0 25.6 0 43.62 640.00 930.00 12.82 0 

Current 

standard 6.4 25.6 10000 28.68 170.94 457.39 12.98 0.16 

Current 

standard 6.4 25.6 15000 30.08 149.43 363.85 13.68 0.86 

Current 

standard 12.8 25.6 10000 29.64 146.41 405.31 14.07 1.26 

Current 

standard 12.8 25.6 15000 30.96 123.14 311.13 14.77 1.96 

Current 

standard 19.2 25.6 10000 30.85 128.45 367.56 15.17 2.35 

Current 

standard 19.2 25.6 15000 32.22 106.16 273.46 15.87 3.05 

Current 

standard 25.6 25.6 10000 32.07 110.71 331.28 16.26 3.45 

Current 

standard 25.6 25.6 15000 33.50 89.85 236.51 16.96 4.15 

Passive 

standard 
0 25.6 10000 31.76 164.78 285.46 17.14 4.32 

Current 

standard 
25.6 25.6 20000 35.50 83.67 218.97 17.66 4.85 

Passive 

standard 0 25.6 15000 33.06 140.85 199.19 17.84 5.02 

Passive 

standard 6.4 25.6 10000 32.68 139.31 235.61 18.23 5.41 

Passive 

standard 6.4 25.6 15000 34.02 116.63 143.36 18.93 6.11 

Passive 

standard 12.8 25.6 10000 33.63 114.81 183.60 19.33 6.51 

HOMIJ 25.6 25.6 20000 37.59 77.44 212.40 20.00 7.18 

Passive 

standard 12.8 25.6 15000 35.09 94.93 91.11 20.03 7.21 

Passive 19.2 25.6 10000 34.89 97.96 146.10 20.42 7.60 
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standard 

Passive 

standard 19.2 25.6 15000 36.42 79.76 68.19 21.12 8.30 

Passive 

standard 25.6 25.6 10000 36.19 82.13 110.15 21.52 8.70 

Passive 

standard 25.6 25.6 15000 37.74 64.51 51.93 22.22 9.40 

Passive 

standard 25.6 25.6 20000 39.76 58.54 45.04 22.92 10.10 

 

Table 17: Results from no net-metering scenario Northwest- Southeast orientation with constraints from HOMIJ and 

assumed lifetime of 50 years. 

House 

envelope 

PVnw 

(m2) 

PVse 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 43.23 640 930 12.82 0.00 

HOMIJ 0 25.6 10000 30.67 211 494 14.22 1.40 

HOMIJ 0 25.6 15000 32.17 192 432 14.92 2.10 

Passive 

standard 0 25.6 10000 32.59 186 285 17.14 4.32 

Passive 

standard 0 25.6 15000 34.01 165 222 17.84 5.02 

Passive 

standard 0 25.6 20000 35.90 156 210 18.54 5.72 

 

 

Table 18: Results from no net-metering scenario Northeast-Southwest orientation with constraints from HOMIJ and 

assumed lifetime of 50 years. Orientation. 

House 

envelope 

PVne 

(m2) 

PVsw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 43.23 640 930 12.82 0.00 

HOMIJ 0 25.6 10000 30.87 216 515 14.22 1.40 

HOMIJ 0 25.6 15000 32.37 197 442 14.92 2.10 

Passive 

standard 25.6 0 10000 32.59 186 285 17.14 4.32 

Passive 25.6 0 15000 34.01 165 222 17.84 5.02 
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standard 

Passive 

standard 25.6 0 20000 35.90 156 210 18.54 5.72 

 

Table 19: Results from no net-metering scenario East-West orientation with constraints from HOMIJ and assumed 

lifetime of 50 years. 

House 

envelope 

PVe 

(m2) 

PVw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 43.23 640 930 12.82 0.00 

HOMIJ 0 25.6 10000 30.67 211 544 14.22 1.40 

HOMIJ 0 25.6 15000 32.17 192 481 14.92 2.10 

HOMIJ 0 25.6 20000 34.02 182 469 15.62 2.80 

Passive 

standard 25.6 0 10000 34.86 243 350 17.14 4.32 

Passive 

standard 25.6 0 15000 36.53 228 323 17.84 5.02 

Passive 

standard 25.6 0 20000 38.55 222 318 18.54 5.72 

 

Table 20: Results from no net-metering scenario North-South orientation with constraints from HOMIJ and assumed 

lifetime of 50 years. 

House 

envelope 

PVn  

(m2) 
PVs (m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 43.23 640 930 12.82 0.00 

HOMIJ 0 25.6 10000 29.80 189 498 14.22 1.40 

HOMIJ 0 25.6 15000 31.16 167 412 14.92 2.10 

HOMIJ 0 25.6 20000 33.04 157 396 15.62 2.80 

Passive 

standard 0 25.6 10000 31.76 165 285 17.14 4.32 

Passive 

standard 0 25.6 15000 33.06 141 199 17.84 5.02 

Passive 

standard 0 25.6 20000 34.89 130 183 18.54 5.72 
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Appendix B 
This appendix has results based upon 25 years period as lifetime of houses. Note that the base case 

design is not in Pareto-front and is included in tables just for reference. 

Table 21: Results from no net-metering scenario North-South orientation without any constraints from HOMIJ and 

assumed lifetime of 25 years. 

House 

envelope 

PVn  

(m2) 

PVs 

(m2) 

Battery 

size (Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 

standard 0 25.6 10000 19.16 198.26 507.24 11.88 -0.93 

Current 

standard 0 25.6 15000 20.25 175.08 420.21 12.58 -0.23 

Base 

case 
0 25.6 0 28.29 640.00 930.00 12.82 0.00 

Current 

standard 6.4 25.6 10000 19.77 170.94 457.39 12.98 0.16 

Current 

standard 6.4 25.6 15000 20.91 149.43 363.85 13.68 0.86 

Current 

standard 12.8 25.6 10000 20.45 146.41 405.31 14.07 1.26 

Current 

standard 12.8 25.6 15000 21.54 123.14 311.13 14.77 1.96 

Current 

standard 19.2 25.6 10000 21.27 128.45 367.56 15.17 2.35 

Current 

standard 19.2 25.6 15000 22.39 106.16 273.46 15.87 3.05 

Current 

standard 25.6 25.6 10000 22.10 110.71 331.28 16.26 3.45 

Current 

standard 25.6 25.6 15000 23.25 89.85 236.51 16.96 4.15 

Current 

standard 25.6 25.6 20000 24.72 83.67 218.97 17.66 4.85 

Passive 

standard 0 25.6 15000 24.75 140.85 199.19 17.84 5.02 

Passive 

standard 6.4 25.6 10000 24.33 139.31 235.61 18.23 5.41 

Passive 6.4 25.6 15000 25.43 116.63 143.36 18.93 6.11 
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standard 

Passive 

standard 12.8 25.6 10000 25.00 114.81 183.60 19.33 6.51 

HOMIJ 25.6 25.6 20000 26.91 77.44 212.40 20.00 7.18 

Passive 

standard 12.8 25.6 15000 26.17 94.93 91.11 20.03 7.21 

Passive 

standard 19.2 25.6 10000 25.85 97.96 146.10 20.42 7.60 

Passive 

standard 19.2 25.6 15000 27.06 79.76 68.19 21.12 8.30 

Passive 

standard 25.6 25.6 10000 26.72 82.13 110.15 21.52 8.70 

Passive 

standard 25.6 25.6 15000 27.94 64.51 51.93 22.22 9.40 

Passive 

standard 25.6 25.6 20000 29.41 58.54 45.04 22.92 10.10 

 

Table 22: Results from no net-metering scenario East-West orientation without any constraints from HOMIJ and assumed 

lifetime of 25 years. 

House 

envelope 

PVe  

(m2) 

PVw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 

standard 12.8 12.8 10000 21.01 281.56 623.56 11.88 -0.93 

Current 

standard 25.6 0 10000 21.02 281.92 622.22 11.88 -0.93 

Base 

case 
0 25.6 0 28.08 640.00 930.00 12.82 0.00 

Current 

standard 25.6 6.4 10000 21.08 229.54 538.08 12.98 0.16 

Current 

standard 25.6 12.8 10000 21.34 186.62 464.87 14.07 1.26 

Current 

standard 25.6 19.2 10000 21.94 158.48 415.36 15.17 2.35 

Current 

standard 25.6 19.2 15000 23.27 145.97 344.76 15.87 3.05 

Current 25.6 25.6 10000 22.58 132.19 371.69 16.26 3.45 
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standard 

Current 

standard 25.6 25.6 15000 23.87 118.07 292.03 16.96 4.15 

Current 

standard 25.6 25.6 20000 25.36 112.74 277.03 17.66 4.85 

HOMIJ 19.2 25.6 15000 24.90 113.98 314.36 18.20 5.39 

Passive 

standard 
25.6 6.4 10000 25.55 194.43 265.84 18.23 5.41 

HOMIJ 25.6 25.6 10000 24.52 114.53 358.39 18.60 5.78 

HOMIJ 25.6 25.6 15000 25.72 96.20 274.88 19.30 6.48 

Passive 

standard 
25.6 12.8 10000 25.94 156.83 192.92 19.33 6.51 

HOMIJ 25.6 25.6 20000 27.20 90.18 259.30 20.00 7.18 

Passive 

standard 25.6 12.8 15000 27.24 142.91 151.05 20.03 7.21 

Passive 

standard 25.6 19.2 10000 26.60 131.68 151.05 20.42 7.60 

Passive 

standard 19.2 25.6 15000 27.84 115.16 116.65 21.12 8.30 

Passive 

standard 25.6 19.2 15000 27.84 115.18 116.31 21.12 8.30 

Passive 

standard 25.6 25.6 10000 27.28 107.36 121.53 21.52 8.70 

Passive 

standard 25.6 25.6 15000 28.51 90.32 83.00 22.22 9.40 

Passive 

standard 25.6 25.6 20000 29.99 84.68 74.90 22.92 10.10 

 

Table 23: Results from no net-metering scenario Northeast-Southwest orientation without any constraints from HOMIJ 

and assumed lifetime of 25 years. 

House 

envelope 

PVne  

(m2) 

PVsw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 

standard 
0 25.6 10000 19.81 227.50 524.71 11.88 -0.93 

Base 

case 
0 25.6 0 28.45 640.00 930.00 12.82 0.00 

Current 

standard 6.4 25.6 10000 20.26 192.62 460.05 12.98 0.16 
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Current 

standard 6.4 25.6 15000 21.45 173.74 380.04 13.68 0.86 

Current 

standard 12.8 25.6 10000 20.79 161.47 399.12 14.07 1.26 

Current 

standard 12.8 25.6 15000 22.01 143.99 316.80 14.77 1.96 

Current 

standard 19.2 25.6 10000 21.56 141.09 357.38 15.17 2.35 

Current 

standard 19.2 25.6 15000 22.79 124.33 273.97 15.87 3.05 

Current 

standard 25.6 25.6 10000 22.34 121.42 319.20 16.26 3.45 

Current 

standard 25.6 25.6 15000 23.60 105.80 232.80 16.96 4.15 

Current 

standard 25.6 25.6 20000 25.09 100.30 216.89 17.66 4.85 

Passive 

standard 25.6 6.4 10000 24.68 155.31 228.74 18.23 5.41 

Passive 

standard 25.6 6.4 15000 25.88 136.80 155.13 18.93 6.11 

HOMIJ 25.6 25.6 15000 25.74 97.17 226.00 19.30 6.48 

Passive 

standard 
25.6 12.8 10000 25.31 128.69 173.95 19.33 6.51 

HOMIJ 25.6 25.6 20000 27.21 90.77 210.44 20.00 7.18 

Passive 

standard 25.6 12.8 15000 26.56 112.53 96.11 20.03 7.21 

Passive 

standard 25.6 19.2 10000 26.12 110.05 135.11 20.42 7.60 

Passive 

standard 25.6 19.2 15000 27.40 95.18 55.06 21.12 8.30 

Passive 

standard 25.6 25.6 10000 26.96 92.77 99.16 21.52 8.70 

Passive 

standard 25.6 25.6 15000 28.24 77.89 16.25 22.22 9.40 

Passive 

standard 25.6 25.6 20000 29.72 72.53 11.88 22.92 10.10 



 

50 

 

 

Table 24: Results from no net-metering scenario Northwest-Southest orientation without any constraints from HOMIJ 

and assumed lifetime of 25 years. 

House 

envelope 

PVnw  

(m2) 

PVse 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Current 

standard 
0 25.6 10000 19.68 221.91 503.36 11.88 -0.93 

Base 

case 
0 25.6 0 28.08 640.00 930.00 12.82 0.00 

Current 

standard 6.4 25.6 10000 20.16 188.33 447.43 12.98 0.16 

Current 

standard 6.4 25.6 15000 21.35 169.31 372.60 13.68 0.86 

Current 

standard 12.8 25.6 10000 20.74 159.44 392.47 14.07 1.26 

Current 

standard 12.8 25.6 15000 21.96 142.08 313.09 14.77 1.96 

Current 

standard 19.2 25.6 10000 21.52 139.69 353.36 15.17 2.35 

Current 

standard 19.2 25.6 15000 22.76 122.99 271.76 15.87 3.05 

Current 

standard 25.6 25.6 10000 22.33 120.87 317.28 16.26 3.45 

Current 

standard 25.6 25.6 15000 23.59 105.06 231.89 16.96 4.15 

Current 

standard 25.6 25.6 20000 25.06 99.24 215.94 17.66 4.85 

Passive 

standard 6.4 25.6 10000 24.68 155.31 228.80 18.23 5.41 

Passive 

standard 6.4 25.6 15000 25.88 136.80 155.19 18.93 6.11 

HOMIJ 25.6 25.6 15000 25.72 96.20 225.05 19.30 6.48 

Passive 

standard 12.8 25.6 10000 25.31 128.69 174.01 19.33 6.51 

Passive 

standard 25.6 25.6 20000 27.20 90.18 209.47 20.00 7.18 

Passive 12.8 25.6 15000 26.56 112.53 96.17 20.03 7.21 
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standard 

Passive 

standard 19.2 25.6 10000 26.12 110.05 135.17 20.42 7.60 

Passive 

standard 19.2 25.6 15000 27.40 95.18 55.12 21.12 8.30 

Passive 

standard 25.6 25.6 10000 26.96 92.77 99.18 21.52 8.70 

Passive 

standard 25.6 25.6 15000 28.24 77.89 16.92 22.22 9.40 

Passive 

standard 25.6 25.6 20000 29.72 72.53 13.27 22.92 10.10 

 

Table 25: Results from no net-metering scenario North-South orientation with constraints from HOMIJ and assumed 

lifetime of 25 years. 

House 

envelope 

PVn  

(m2) 
PVs (m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 28.29 640.00 930.00 12.82 0.00 

HOMIJ 0 25.6 10000 21.28 188.81 497.83 14.22 1.40 

HOMIJ 0 25.6 15000 22.40 166.52 411.59 14.92 2.10 

HOMIJ 0 25.6 20000 23.80 157.06 395.82 15.62 2.80 

Passive 

standard 0 25.6 10000 23.67 164.78 285.46 17.14 4.32 

Passive 

standard 0 25.6 15000 24.75 140.85 199.19 17.84 5.02 

Passive 

standard 0 25.6 20000 26.12 130.34 183.42 18.54 5.72 

 

Table 26: Results from no net-metering scenario East-West orientation with constraints from HOMIJ and assumed 

lifetime of 25 years. 

House 

envelope 

PVe  

(m2) 

PVw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 28.08 640.00 930.00 12.82 0.00 

HOMIJ 0 25.6 10000 21.77 210.89 543.86 14.22 1.40 

HOMIJ 0 25.6 15000 22.96 191.80 481.45 14.92 2.10 

HOMIJ 0 25.6 20000 24.34 181.63 468.91 15.62 2.80 

Passive 25.6 0 10000 25.40 242.65 349.74 17.14 4.32 
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standard 

Passive 

standard 25.6 0 15000 26.68 228.10 322.64 17.84 5.02 

Passive 

standard 25.6 0 20000 28.16 222.26 317.99 18.54 5.72 

 

Table 27: Results from no net-metering scenario Northeast-Southwest orientation with constraints from HOMIJ and 

assumed lifetime of 25 years. 

House 

envelope 

PVne  

(m2) 

PVsw 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 28.45 640.00 930.00 12.82 0.00 

HOMIJ 25.6 0 10000 21.88 215.77 515.26 14.22 1.40 

HOMIJ 25.6 0 15000 23.07 197.01 442.10 14.92 2.10 

Passive 

standard 0 25.6 10000 24.13 185.71 284.59 17.14 4.32 

Passive 

standard 0 25.6 15000 25.28 164.82 222.16 17.84 5.02 

Passive 

standard 0 25.6 20000 26.68 155.64 209.61 18.54 5.72 

 

Table 28: Results from no net-metering scenario Northwest-Southeast orientation with constraints from HOMIJ and 

assumed lifetime of 25 years. 

House 

envelope 

PVnw  

(m2) 

PVse 

(m2) 

Battery 

size 

(Wh) 

TCOe (k 

€) 

AEC 

(€/yr) 

Regret 

(€) 
ICe (k€) 

AICe 

(k€) 

Base 

case 
0 25.6 0 28.08 640.00 930.00 12.82 0.00 

HOMIJ 0 25.6 10000 21.77 210.89 493.93 14.22 1.40 

HOMIJ 0 25.6 15000 22.96 191.80 431.63 14.92 2.10 

HOMIJ 0 25.6 20000 24.34 181.63 419.08 15.62 2.80 

Passive 

standard 0 25.6 10000 24.13 185.71 284.65 17.14 4.32 

Passive 

standard 0 25.6 15000 25.28 164.82 222.22 17.84 5.02 

Passive 

standard 0 25.6 20000 26.68 155.64 209.67 18.54 5.72 
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Appendix C  
Performance spread of design solutions divided into two types of occupancy. 

 

Figure 21: Performance spread of design solutions with 2 occupants without HOMIJ’s constraints. Designs 1,2,3,4 & 5 

correspond to designs with same designation as in Figure 12. 

 

 

Figure 22: Performance spread of design solutions with 4 occupants without HOMIJ’s constraints. Designs 1,2,3,4 & 5 

correspond to designs with same designation as in Figure 12. 
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Figure 23: Performance spread of design solutions with 2 occupants with HOMIJ’s constraints. Designs 1,2,3,4 & 5 

correspond to designs with same designation as in Figure 14. 

 

Figure 24: Performance spread of design solutions with 4 occupants with HOMIJ’s constraints. Designs 1,2,3,4 & 5 

correspond to designs with same designation as in Figure 14. 
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Appendix D 
In this appendix performance spread based upon CO2 emissions as performance indicators are shown 

for a building orientated Northwest-Southeast. 

 

Figure 25: Performance spread based upon CO2 emissions for design solution without HOMIJ's constraints. Designs 

1,2,3,4 & 5 correspond to designs with same designation as in Figure 12. 

 

 

Figure 26: Performance spread based upon CO2 emissions for design solution without HOMIJ's constraints. Designs 

1,2,3,4 & 5 correspond to designs with same designation as in Figure 14. 
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Appendix E 
Results for contracting rate to only recover initial investment in electrical battery. 

Table 29: Contracting rates required for various designs solutions for 10 year period. Design solutions are obtained from 

unconstrained Pareto-front. 

  
PV size 

(m2) 

Building 

envelope 

Battery 

size 

(kWh) 

Contracting 

rate 

(€/year) 

IRR 
Regret 

(€) 
TCO 
(k€) 

Design 1 51 Homij std. 15 345 2% 225 36.08 

Design 2 51 Homij std. 20 420 2% 210 38.1 

Design 3 38 Passive std. 10 270 2% 174 34.18 

Design 4 38 Passive std. 15 345 2% 96 35.79 

Design 5 51 Passive std. 10 270 2% 99 36.61 

Design 6 51 Passive std. 15 345 2% 17 38.27 

Design 7 51 Passive std. 20 420 2% 13 40.31 

 

Table 30: Contracting rates required for various designs solutions for 10 year period. Design solutions are obtained from 

constrained Pareto-front. 

  
PV size 

(m2) 
Building 
envelope 

Battery 
size 

(kWh) 

Contracting 
rate (€/year) 

IRR 
Regret 

(€) 
TCO 
(k€) 

Design 1 26 Homij std. 10 270 2% 494 30.67 

Design 2 26 Homij std. 15 345 2% 432 32.17 

Design 3 26 Passive std. 10 270 2% 285 32.59 

Design 4 26 Passive std. 15 345 2% 222 34.01 

Design 5 26 Passive std. 20 420 2% 210 35.9 
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Appendix F 
 This appendix shows results from analysis done with today’s battery costs to find contracting rate in 

the case where HOMIJ would just recover investment costs. It is noted that with lower IRR of 2% the 

contracting rate are higher than paying electricity bill of electricity coming from grid. Thus 8% of IRR 

would yield higher unattractives contracting rates and further analysis is not included. 

Table 31: Contracting rates required for various designs solutions for 10 year period and with current battery prices. 

Design solutions are obtained from unconstrained Pareto-front. 

  
PV size 

(m2) 
Building 
envelope 

Battery 
size 

(kWh) 

Contracting 
rate (€/year) 

IRR 
Regret 

(€) 
TCO 
(k€) 

Design 1 51 Homij std. 15 1000 2% 225 36.08 

Design 2 51 Homij std. 20 1260 2% 210 38.1 

Design 3 38 Passive std. 10 780 2% 174 34.18 

Design 4 38 Passive std. 15 1020 2% 96 35.79 

Design 5 51 Passive std. 10 740 2% 99 36.61 

Design 6 51 Passive std. 15 980 2% 17 38.27 

Design 7 51 Passive std. 20 1250 2% 13 40.31 
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Appendix G 
This Appendix provides the building and its system details as modelled in TRNSYS17. The data is 

reproduced from the report of van Eck (2016). 

Table 32: Floor plan of the building. 

 

Base case building model 

Table 33: Material properties allocated within TRNSYS. 

        insulation insulation insulation insulation 

concreteconcreteconcreteconcrete    

Polystereen Polystereen Polystereen Polystereen 

insulationinsulationinsulationinsulation    

wood board/ wood board/ wood board/ wood board/ 

hout plaathout plaathout plaathout plaat    

glasswool glasswool glasswool glasswool 

InsulationInsulationInsulationInsulation    

CavityCavityCavityCavity    Aerated Aerated Aerated Aerated 

concrete concrete concrete concrete     

(cellenbeton)(cellenbeton)(cellenbeton)(cellenbeton)    

BrickBrickBrickBrick    

Input TRNSYS Input TRNSYS Input TRNSYS Input TRNSYS     0,684 0,144 1,080 0,144 0,648 0,684 2,360 

capacity capacity capacity capacity     

(kJ/kgK)(kJ/kgK)(kJ/kgK)(kJ/kgK)    

0,840 1,470 1,680 0,840 1,000 0,840 0,840 

density density density density     

(kg/m(kg/m(kg/m(kg/m3333))))    

700 50 1000 100 1,290 550 1750 

 

Table 34: Model input facade wall modelled from exterior to the interior. 

    ReReReRe    BrickBrickBrickBrick    insulation insulation insulation insulation 

concreteconcreteconcreteconcrete    

PolystereenPolystereenPolystereenPolystereen    insulation insulation insulation insulation 

concreteconcreteconcreteconcrete    

RiRiRiRi    TotalTotalTotalTotal    

conductivity Λ conductivity Λ conductivity Λ conductivity Λ 

[W/mK][W/mK][W/mK][W/mK]    

 0,65 0,19 0,04 0,19      

thickness D [m]thickness D [m]thickness D [m]thickness D [m]     0,08 0,12 0,13 0,16  0,490,490,490,49    

Rc [mRc [mRc [mRc [m2222K/w]K/w]K/w]K/w]    0,04 0,12 0,63 3,25 0,84 0,13 5,025,025,025,02    

kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)          18,0618,0618,0618,06    

UUUU----valuevaluevaluevalue          0,200,200,200,20    

 

Table 35: Model input roof modelled from exterior to the interior. 

    ReReReRe    wood boardwood boardwood boardwood board    glasswool Insulationglasswool Insulationglasswool Insulationglasswool Insulation    wood boardwood boardwood boardwood board    RiRiRiRi    TotalTotalTotalTotal    

conductivity Λ conductivity Λ conductivity Λ conductivity Λ 

[W/mK][W/mK][W/mK][W/mK]    

 0,30 0,04 0,30      
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thickness D [m]thickness D [m]thickness D [m]thickness D [m]     0,02 0,26 0,02  0,290,290,290,29    

Rc [mRc [mRc [mRc [m2222K/w]K/w]K/w]K/w]    0,04 0,05 6,38 0,05 0,13 6,656,656,656,65    

kJ/(h*M*k)kJ/(h*M*k)kJ/(h*M*k)kJ/(h*M*k)         23,9223,9223,9223,92    

UUUU----valuevaluevaluevalue         0,150,150,150,15    

 

Table 36: model input of the interior walls, separating the dwellings. 

    ReReReRe    insulation concreteinsulation concreteinsulation concreteinsulation concrete    CavityCavityCavityCavity    insulation concreteinsulation concreteinsulation concreteinsulation concrete    RiRiRiRi    TotalTotalTotalTotal    

conductivity Λ conductivity Λ conductivity Λ conductivity Λ 

[W/mK][W/mK][W/mK][W/mK]    

 0,19 0,18 0,19      

thickness D [m]thickness D [m]thickness D [m]thickness D [m]     0,17 0,10 0,17  0,440,440,440,44    

Rc [mRc [mRc [mRc [m2222K/w]K/w]K/w]K/w]    0,04 0,89 0,56 0,89 0,13 2,522,522,522,52    

kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)         9,059,059,059,05    

UUUU----valuevaluevaluevalue         0,400,400,400,40    

 

Table 37: Model input of the foundation floor. 

    ReReReRe    aerated concrete aerated concrete aerated concrete aerated concrete     

    

insulated light weighted concreteinsulated light weighted concreteinsulated light weighted concreteinsulated light weighted concrete    insulationinsulationinsulationinsulation    RiRiRiRi    TotalTotalTotalTotal    

conductivity Λ [W/mK]conductivity Λ [W/mK]conductivity Λ [W/mK]conductivity Λ [W/mK]     0,35 0,19 0,04      

thickness D [m]thickness D [m]thickness D [m]thickness D [m]     0,07 0,30 0,12  0,490,490,490,49    

Rc [mRc [mRc [mRc [m2222K/w]K/w]K/w]K/w]    0,04 0,20 1,58 3,00 0,13 4,954,954,954,95    

kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)         17,8217,8217,8217,82    

UUUU----valuevaluevaluevalue         0,200,200,200,20    

 

Table 38: Model input separation floors between different floors. 

        ReReReRe    insulated light weighted concreteinsulated light weighted concreteinsulated light weighted concreteinsulated light weighted concrete    RiRiRiRi    TotalTotalTotalTotal    

conductivity Λ conductivity Λ conductivity Λ conductivity Λ 

[W/mK][W/mK][W/mK][W/mK]    

  0,12           

thickness D [m]thickness D [m]thickness D [m]thickness D [m]      0,30   0,300,300,300,30    

Rc [mRc [mRc [mRc [m2222K/w]K/w]K/w]K/w]    0,13 2,50 0,13 2,672,672,672,67    

kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)kJ/(h*m*k)          9,619,619,619,61    

UUUU----valuevaluevaluevalue          0,370,370,370,37    

 

 

Table 39: Windows and doors, derived from the standard library within TRNSYS. 

    UUUU----valuevaluevaluevalue    

[W/m[W/m[W/m[W/m2222K]K]K]K]    

ThicknessThicknessThicknessThickness    

[m][m][m][m]    

Solar Solar Solar Solar 

absorption absorption absorption absorption     

[[[[----]]]]    

Emissivity Emissivity Emissivity Emissivity     

[[[[----]]]]    

Angle Angle Angle Angle     

[[[[oooo]]]]    

Description and id numberDescription and id numberDescription and id numberDescription and id number    

DoorDoorDoorDoor    1,40 - 0,6 0,9 90 Insulating wooden door I 

(id: 2001) 

WindowWindowWindowWindow    0,98 - 0,6 0,9 90 Triple glass layered window 

(id: 12005) 

Window_roofWindow_roofWindow_roofWindow_roof    0,98 - 0,6 0,9 38 Triple glass layered window 

(id: 12005) 
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Ventilation 

Infiltration rate: 

For the heat loss due to infiltration, qleakage (ACH), value of 0.12 ACH as recommended by NEN8088-1, 

(2011) was used.  

Ventilation rate: 

The system buildup of this system is based om the manufactures drawing1. For this CO2 controlled 

ventilation system, an estimated air change rate (qvent in (ACH)) is calculated based on the maximum 

and nominal ventilation debit. For this project, the ventilation rate of the system is estimated at 85% 

of qventmax. This is equal to 181 m3/h. Based on this value, the air change rate qvent is calculated 

through Equation 1.  

 

Equation 1: Ventilation change rate 

./012 	= 	
./012_4520

/67890
	[:;<] 

 

In which: 

qvent   = Ventilation rate [ach] 

qvent_rate   = Ventilation rate of ventilation system [m3/h] 

volume   = Volume dwellings; estimated at 128 x 3 [m3]  

 

                                                           
1 http://www.zehnder.nl/?gclid=CJrHx4KErMoCFUKeGwodnE4Kkw. [Accessed: 10-Oct-2015] 
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Figure 27: Ventilation system according to for a WHR 930 unit. 

 

Heating system build up and DHW consumption 

The heating system modeled is based on manufactures drawings and tables provided2. 

                                                           
2 https://www.alklima.nl/producten/ecodan-/ 
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Figure 28: Overview of heating and DHW system within the case study dwellings 
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Figure 29: System specification used to model the vessel and the heat pump [33]. 
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Window opening  

To represent the influence of opening window, (Klep 2014) is used to set up a distribution schedule 

for window operations during several periods each day.  Connected to this schedule, an estimated 

ventilation rate was considered of 1 [ACH] (or 0.5 [ACH] per open window). Within TRNSYS, this 

additional ventilation rate is modeled through added infiltration rates within each zone. Based on the 

work of (Klep 2014), the additional ventilation is only considered within the temperature ranges of 

10 < Tambient < 25. Outside these ranges, it is assumed that (most) occupants are less likely to open 

windows due to the colder/warmer outdoor temperatures (see Figure 31). 

 

 

 

Figure 30: Possibility of opening windows relative to the time of day (Klep 2014). Based on this pie chart, a schedule is set 

up to represent what percentage of the windows is open during a time interval. 

 

 

Figure 31: Amount of actions recorded for opening a window relative to the outdoor temperature (Klep 2014). 
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