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DISCLAIMER 

This report is the final result of a study carried out by 2nd years' students of Environmental 

Sciences at Wageningen University. It was conducted in the framework of the subject 

Environmental Project Studies. 

 

The aim of this subject is to have students gain experience with problem-oriented 

environmental research. The real-Iife problems elaborated during the subject stem from 

suggestions by research institutions, consultancy firms, governmental bodies, environmental 

advocacy groups, etc. 

 

These institutions will receive the final report of the studies proposed in reward of their 

help. In this subject the students work in groups and pass through various stages in which 

they train themselves in analysing the societal context of environmental problems, 

formulating a definition of the research problem and related research questions, in 

executing literature research and data collection, drawing conclusions, writing a final report 

and giving an oral presentation of the study. The students are supervised by staff of 

Wageningen University interested in the problem at hand. The total time spent on the 

research work proper is about 120 hours per student. In view of the limited duration and 

nature of the study publication and wider dissemination of results may only occur after 

consultation with the responsible supervisor. It is not allowed to copy or publish in any way 

the results from this report without permission of the Sub-department of Environmental 

Technology of Wageningen University, P.O. Box 17, 6700 AA -Wageningen Tel.: 0317-

483339. 
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Summary 

Ongoing environmental degradation and the growing estrangement between man 

and nature have led to the idea of the Living Lodge. This project was executed on 

behalf of Nature Nomads. The challenge was to make the accommodation self-

sufficient regarding energy and (waste) water streams.   

The electricity and water demand is based on the facilities in the Lodge. Energy 

demand consists of the required electricity supply and heat demand. This heat 

demand is an estimate based on Sustainer homes. The total energy demand with a 

full occupation of seven persons is 4800 kWh/year. The water demand is 207,000 

L/year. To be able to adjust these demands to different scenarios of occupation, we 

set up two formulas: 𝐷𝑒 = 200 + 4.93 ∗ 𝑡 + 1.10 ∗ 𝑃 ∗ 𝑡 and 𝐷𝑤 = 78.82 ∗ 𝑃 ∗ 𝑡 + (5 + 5600). 

The main technologies to supply electricity for the Lodge are solar panels and wind 

turbines. These technologies can be combined with lithium-ion batteries as a short-

term storage option. For the long-term hydrogen storage is most applicable. 

Thermal storage can also be used as long-term storage to provide heat. Heating 

can also be done by heat pumps and passive heating, these technologies also 

provide cooling. 

Water supply can be achieved with rainwater harvesting, for example by using a 

Blue Green roof. The harvested water is stored in water tanks. Before it can be 

used safely it needs to be treated. This can be done by membrane filtration or a 

constructed wetland. These technologies are also used for grey water treatment. 

Black water is treated or stored by using separation or composting toilets. 

Most of existing self-sufficient accommodations make use of solar panels for energy 

supply and rain water for water supply. 

From the investigated Biesbosch specific technologies Plant-E is the most 

promising. However with current efficiency, one m2 of Plant-E can contribute to 

0.05% of the energy demand. 

Three possible configurations are based on either complete self-sufficiency, a space 

limit of 60 m2 or innovative technologies. For the composition of the configurations 

we refer to Table 17.  

Only the configuration of self-sufficiency meets the calculated demand without input 

from other sources.  

  



1   Introduction

A new concept of tourism has emerged: the Living Lodge.  The idea of the 
Living  Lodge  has  arisen  from  the  concern  for  ongoing  environmental 
degradation and the growing estrangement between man and nature. The 
Living  Lodge  aims  at  minimizing  the  negative  imprint  of  men  on  the 
environment, instead replacing it with a positive imprint.

One element in this  is  to aim at full  self-sufficiency of the Living Lodge. 
Hence, we formulated our general reseach question:  'Which configurations 
are usable to minimise the negative footprint of a tourist accommodation by 
moving towards self-sufficient energy and (waste) water streams?’

To answer the general question, we have formulated several specific 
research questions:   

- What is  the demand in energy and water use for a comfortable 
tourist accommodation for 6-7 persons? 

- Which  technologies  and  configurations,  regarding  energy  and 
(waste)  water  flows,  are  available  to  obtain sustainable self-   
sufficiency of small-scale housing and are applicable in the Living 
Lodge?   

- Which  technologies  can  make  use  of  specific  features  of 
the Biesbosch and can be added to the available configurations?     

- What  are  possible  configurations  for  a  self-sufficient  tourist 
accommodation in for eample the Biesbosch area? 

- What are the pros and cons of the configurations?

Due  to  our  limited  amount  of  time  we  will  not  be  able  to  discuss  all 
technologies. The criteria used to select technologies are:

- Harmfulness to the ecosystem. We try to find as sustainable options 
as possible. This means technologies using fossil fuels are rejected up 
front,  the  same  goes  for  high  water  or  high  energy  demanding 
technologies.

- Scale.  Only  technologies  at  household  scale  should  be  used. 
Everything larger has to be rejected, since the technologies have to be 
integrated into the accommodation. 

- Quality of output water. To obtain water clean enough to drink, filters 
are used. We chose filters with the best quality output. Also, water 
should  not  be  too  clean  (demineralised),  because  then  it  is  not 
drinkable anymore. 

- Maintenance. Some technologies require constant supply or flow, and 
this cannot be realised in a tourist accommodation, because it can be 
unoccupied for long times. 

- Efficiency. Technologies with relatively low efficiencies are rejected, if 
better options are available.
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2 Energy and water demand. 

In this chapter the energy and water demand is calculated. Energy includes 

electricity, gas and heat. The needed amount of water, electricity and gas is based 

on the facilities in the Lodge. The heat demand is based on Sustainer Homes. A 

section on smart usage is added, in which technologies to reduce energy and water 

loss, and thus demand, are discussed. 

The facilities that will be installed in the Lodge are: 

 3 taps (kitchen, bathroom, outside) 

 Shower 

 Hot tub  

 Combi microwave  

 Dishwasher 

 Washing machine  

 Tumble dryer 

 Wi-Fi  

 Television 

 Induction or gas cooker 

 Cooker hood 

 Kitchen appliances such as: 

- Toaster 

- Blender 

- Coffee machine 

- Kettle 

 LED Lights 

 Hairdryer  

 Appliances visitors take with them such as: 

- Mobile charger 

- Laptop 

- Shaver  

- Camera   

In our case, water, electricity and gas are not available from the grid, but need to 

be produced on site. This means that there is a limited amount of electricity and 

water available. Thus, it is important to use the generated electricity very 

efficiently. This can largely be realised by installing devices that are as efficient as 

possible. To get an indication of how much water, electricity and gas is used we 

looked at the average use of the appliances above. To determine this, we looked at 

the amount of energy generally consumed by several devices and averaged this. 

For this we assumed that the most energy and water saving devices will be chosen 

to install in the Lodge.  
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2.1 Water demand 

Using the average amount of water consumed by the different devices and 

multiplying that with the times or duration used, we calculated the expected total 

amount of water needed per day for a household of seven people. The results are 

indicated in Table 1. 

Table 1: Water use of several devices 

Device Water usage Time or duration of use Water usage 

Toilet 0-6 litre per use 

(PraktischDuurzaam, 

2011) 

Up to 10x per person per 

day 

Min. 0 litre per day6 

Max. 420 litre per 

day 

Douche 6 litre per minute 

(Hansgrohe, 2016) 

Min. 3 min per person per 

day 

Max. 15 min per person 

per day 

Min. 126 litre per 

day 

Max. 630 litre per 

day 

Water tap n.a. n.a. 100 litre per day 

(Vitens, 2013) 

Washing 

machine 

42-52 litre per use 

(Bosch, 2016a, 

2016b) 

Min. 0.5x per day 

Max. 2x per day 

Min. 21-26 litre per 

day 

Max. 84-104 litre 

per day 

Dish 

washer 

7.5 litre per use 

(Siemens, 2016) 

Min. 1x per day 

Max. 2x per day 

Min. 7.5 litre per 

day 

Max. 15 litre per 

day 

Heating 

system 

5 litre per water 

refreshing 

1x per year 5 litre per year 

Hot tub 1400 litre per water 

refreshing 

 (Isbjørn, 2014) 

4x per year 5600 litre per year 

Total expected water 

demand 

207,000 litre per 

year 

 

This data leaves us with a minimum water demand of 254.5 litre per day and a 

maximum water demand of 849 litre per day, both on regular days, without 

exceptional cases. In exceptional cases the water demand can reach up to 2654 

litre on one day. Using a water flushed toilet instead of a composting toilet and 

refreshing the hot tub or the heating system count as exceptional cases. Even the 

                                                           
6
 In case a composting toilet is installed 
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maximum water demand is quite low, since the average water consumption of a 

Dutch person is 119 litre per day (Vitens, 2013), thus 833 litre per day for seven 

people. The yearly demand for the Living Lodge can be estimated by averaging 

between the minimum and the maximum daily demand. Due to the fact that 

approximately every week the people in the Lodge, and thus their behaviours, 

change, it is realistic to assume that the overall behaviour and subsequent demand 

will be the average between the previously mentioned maximum and minimum 

demand. The water demand for the Living Lodge will be about 207,000 litre per 

year. This demand is calculated with an occupancy of seven people for 365 days per 

year.  

2.2 Electricity demand 

Besides water, electricity is also important. Nowadays people cannot imagine to live 

without electricity. Using the amount of Watt of a device and the time it is used per 

day, the amount of kWh per year can be calculated. This can be done with the 

formula: 𝑃𝑜𝑤𝑒𝑟 ∗  𝑂𝑁 𝑡𝑖𝑚𝑒 / 𝑑𝑎𝑦 ∗  365. For some devices the amount of kWh / year 

was already shown in the manual. This was the case with the washing machine, 

dryer, television, induction cooker and combi fried-freezer. An overview of the 

required electricity for the different appliances as mentioned before is given in 

Table 2. 
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Table 2: Electricity use of several devices 

Device Power 

(Watt)  

ON time/day 

(hours) 

Electricity 

use 

(kWh/year) 

Combi oven / microwave (Samsung, 

2016a)  

1500 0.5 274  

Dishwasher 

(slimster, 2016)  

2400 1x per day 266  

Washing machine  

(Mediamarkt, 2016) 

1820 0.8 110  

Dryer (electrolux, 2012) 1000 0.8 200  

Wi-Fi (TP-link, 2014) 6 24 53  

Television (Samsung, 2016c) 70 3.8 97  

Induction cooker 

(milieucentraal, 2015) 

- 0.7 175  

Cooker hood 

(KitchenOnline, 2016) 

280 0.7 72  

Combi fried-freezer 

(LG, 2015) 

30 24 132 

Kitchen appliances such as: 

(Sibelga, 2016) 

- Toaster 

- Blender 

- Coffee machine 

- Kettle  

-  

-  
2000 

- 900 

- 1000 
- 2400 

-  

-  
0.1 

- 0.05 

- 0.2 
- 0.2 

-  

-  
73  

- 16.5  

- 7.3  
- 175 

LED lights 

 

10 per 

light 

20 lights 

32 (see Appendix I, 

Table 18) 

136.9  

Hairdryer (Sibelga, 2016) 2200 0.25 200  

Appliances visitors take with them, such 

as: 

- Mobile charger (Samsung, 2016b) 

- Laptop (HP, 2016) 

- Shaver (Sibelga, 2016) 

 

 

5  

65  

8  

 

 

- 3h x 6 phones 
- 6h x 2 laptop 

- 0.1 

 

 

33  

285 

- 0.29  

Smart energy meter 

(Eneco, 2016) 

5.5 24 48  

Total expected 

electricity 

demand 

2355 
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From Table 2 can be concluded that the total amount of electricity needed is 2355 

kWh per year. One thing that must be included here is the hidden consumption of 

electricity. This is usually around the 190 kWh (OTB, 2010). This gives a total of 

2545 kWh per year. In the calculated demand an electric boiler is not included. 

Techniques to heat the house are not included. The reason for this is that it 

depends per configuration which techniques you use. The heat demand will be 

discussed later, in section 2.3 Electricity demand for heating. Each room needs a 

certain amount of lights, which differs per room. The amount of rooms and the size 

of the rooms determine the amount of lights. These two factors can be 

approximated by the total surface area of the Lodge of 45-60 m2.  

2.3 Electricity demand for heating 

Because the design of the Lodge is not finalised yet, it is difficult to make 

calculations on the amount of energy that is needed for heating. The house must be 

insulated very well to make heat energy loss as low as possible during cold periods. 

When the house is insulated, the energy costs for cooling the Lodge will also be 

relatively low.  

To make an estimation, we used the data from Sustainer Homes (SustainerHomes, 

2016a) to get an indication of the energy needed for heating and cooling. 

Figure 1 shows the energy use of Sustainer Homes. By adding up all the demands 

per day per month, Sustainer Homes has a total electricity use of 3270 kWh per 

year. For the appliances Sustainer Homes needs 1825 kWh per year. We calculated 

our own value for the appliances which was 2550 kWh per year. With a ratio of 

1:1.4 between the Sustainer Homes and the Living Lodge electricity demand we 

can calculate our total energy demand. Assuming the heating, cooling and warm 

water demand will proportionally raise with the amount of electricity needed for 

warm water we end up with a total demand of 4569 kWh per year. This means that 

for heating 2019 kWh is required. The amount of electricity needed for warm water 

will raise faster than the electricity demand, so this ratio is higher. Therefore, we 

adjust the calculated value to 4800 kWh per year. This results in a total electricity 

demand of 13.15 kWh per day. The reason for this is that a lot of devices are 

always on such as lights and an extra person will not change this much. An extra 

person will need more warm water, for example for showering.  

The hot tub is expected to be warmed with wood, so no electricity is required. This 

wood can be bought from Staatsbosbeheer (StaatsbosbeheerBiesbosch, 2016a, 

2016b), or possibly be obtained from the Biesbosch if it is approved.  
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Figure 1: Energy amount Sustainer Homes needs (Vugt, 2016) 

The electricity demand, including electricity needed for heating is normally 

distributed, as can be concluded from literature (ECN, 2012); (Majcen, 2014). 

Knowing this, Figure 2 could be made. This figure gives an overview of the 

distribution of electricity use in the Lodge, which gives an indication of the 

electricity demand range. 

 

Figure 2: Distribution of electricity use in the Lodge. Made by J.A.H. Zandbergen. 
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2.4 Gas demand 

There are various ways to use gas. Gas can be used to cook with, or it can be used 

to heat the boiler. The Lodge will be off-grid, so the gas can be butane gas from 

cylinders or hydrogen gas from the hydrogen storage system. 

When the electricity demand is higher than the production one solution might be 

cooking on gas. The amount of gas needed for cooking only is 65 m3 per year for an 

average household (MilieuCentraal, 2016). This corresponds with 635 kWh, 

compared to 175 kWh energy per year needed for an induction cooker. With large 

cylinders of propane gas of 9,5 kg the bottle would need to be replaced every four 

weeks (for gas calculations, see Appendix I).  

When gas is used to heat the boiler, it will decrease your electricity demand, 

because you do not need an electric boiler. The average gas use of a grid-

connected house in the Netherlands is 2440m3  (MilieuCentraal, 2016). This is the 

total use for heating (water) and cooking. With the same calculation as above, the 

amount of cylinders you need is 461 per year. So even if you insulate the house 

very good, this amount will still be too high. That is why we exclude the use of gas 

for heating. Other technologies for heating will be described in section 3.3 Heating 

and cooling. 

2.5 Adaptation to real occupancy 

In the previous section, the assumption is made that the Lodge will be occupied for 

the whole year. However, this is very unlikely to happen. To calculate the demand 

accurately, the following formulas can be used (based on the occupancy rate and 

the average amount of people staying in the Lodge): 

For water: 

𝐷𝑤 = 78.82 ∗ 𝑃 ∗ 𝑡 + (5 + 5600) 

- Dw is the water demand in litre per year 

- P is the average amount of people staying in the Lodge 

- t is the number of days the Lodge is occupied 

With electricity it is slightly more complicated. There are some appliances that are 

turned on all the time, such as a fridge. This value is approximately 200 kWh per 

year. In this value also most of the hidden consumption is included. At the moment 

that the Lodge becomes occupied the heating turns on and extra appliances such as 

lighting and the television are used. With every extra person an extra amount of 

electricity is used. The amount that is added per person is 500 kWh / year 

(MilieuCentraal, 2016).  
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For electricity: 

𝐷𝑒 = 200 + 4.93 ∗ 𝑡 + 1.10 ∗ 𝑃 ∗ 𝑡 

- De is the electricity demand in kWh per year 

- t is the number of days the Lodge is occupied 

- P is the average amount of people staying in the Lodge 

For detailed explanation of the calculation, see Appendix I.   

2.6 Smart usage 

In an off-the-grid accommodation with limited amount of electricity and (warm) 

water, it is important to use these resources as efficient as possible and reduce the 

loss of electricity, heat and water. A few ways to achieve this are mentioned below. 

 Water heat recovery 2.6.1

The majority of heat energy in shower water is disposed through the waste water 

pipe. A part of this heat can be recovered using the principle of counter current 

heat transfer. (Wong, Mui, & Guan, 2010) This simple principle is called water heat 

recovery (WHR). With an extra cold water pipe, which flow in the opposite direction 

parallel to the waste water pipe, heat from the waste water is transferred to the 

cold water. This water will flow to the boiler so the water in the boiler will be 

warmer and less energy is needed to heat it. Figure 3 shows how it works. To 

recover the heat as efficient as possible, the WHR must be close to the boiler, this 

way less heat is lost in the drains. When an electric boiler is used, a WHR could 

recover enough heat to provide up to 20% of the overall hot water needs for the 

household. (CMHC, 2013)  

Figure 3: Schematic overview of showers plumbing architectures without and with heat exchanger. Retrieved from:  
http://www.utilityfreeliving.co.uk/shower-water-heat-recovery/ 
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 Smart system 2.6.2

By making people aware of their consumption, energy and water can be saved. A 

central system in the house, which is connected to all electronic devices, the boiler 

and the heat pump can give insight in where energy is going. This way it is easy to 

see what both the electricity and warm water are used for. For example, with 

insight in the heat pump, the ventilation can be controlled very easily, which will 

also create more comfort. A system like this already exists for separate water, 

heating and electricity use. Combining everything in one device would give a 

valuable overview. There are several companies that deliver a smart system like 

this. One example is a company called ThermoSmart (ThermoSmart, 2016) which 

made a panel that can be combined with Philips Hue for lighting the house. This 

way a convenient and compact control panel can be used.  

A smart panel will improve the experience of being sustainable and self-sufficient. 

The panel can give insight into the amount of electricity that is produced by the 

used technologies and will show the energy yield for the additional features, which 

will be explained in 0. This way the tourists are able to see how much electricity the 

innovative technologies produce. 

2.7 Discussion 

The most important discussion point in this chapter is the assumptions that are 

made. For example, we did not take into account that the devices which might be 

chosen may have other specifications than we assumed and maybe the visitors of 

the Lodge may consume more electricity and water than is calculated. As 

mentioned in section 2.5, also the changing occupancy will probably have an impact 

on the demand. Using the created formulas, for both the water and energy 

demand, the real demand can be calculated instead of using the expected amount 

of 207,000 L and 4800 kWh. It is not certain whether the formulas are correct, 

because they are based on the calculated values before, which still include many 

assumptions. The advantage of the formula is that the values can easily be changed 

when they seem to be incorrect.  

The biggest uncertainty is in the amount of electricity needed for heating and 

cooling. The only information source was Sustainer Homes and our calculation are 

based on their outcomes. When the Lodge is insulated in a different way, this can 

be advantageous or not for the energy demand. Another issue is that the size and 

shape of the Lodge are still unknown, and it has not been decided yet what kind of 

heating technology will be used. Due to this lack of information it was not possible 

to make calculations on heating and cooling and we had to make an estimation.  

For all found values sources or logical arguments are used, but only putting the 

Lodge into practice can determine the real water and energy demand. This chapter 



Page | 19  
 

is the starting point on which we based the outcome of our research, namely the 

developed configurations. All the uncertainties in this chapter directly influence the 

final conclusion. 

3 Energy technologies 

In this chapter, energy technologies for supply, storage, and heating and cooling 

will be discussed. Energy can be present in different forms, e.g. in electricity, heat 

or gas. The most relevant technologies to supply the energy demand will be 

discussed.  

Energy supply for the Lodge can be done by implementing sustainable technologies, 

of which the most important are solar panels and wind turbines. Storage consists of 

short term and long term storage. Short term storage can be realised with 

batteries, while long term storage could be provided with hydrogen and thermal 

energy storage (TES). Hydrogen storage can be used to compensate for the 

production-demand gap between seasons as will be explained later, whereas TES 

can be used for heating. Heating and cooling can further be realised with heat 

pumps and passive measures.  

3.1 Energy Supply 

This section will consist of descriptions of solar panels, wind turbines and additional 

technologies.  

 Solar panels 3.1.1

As mentioned before one of the most important renewable technologies are solar 

panels also called photo voltaic (PV) panels. Here some suggestions for usable solar 

panels are given. While it has not been fully assessed how much energy these solar 

panels would yield for the specific surface area and specific case, they seem useful 

because they have already been incorporated in other sustainable houses, like 

Sustainer Homes and Tiny TIM, which will also be discussed in Chapter 3 Existing 

Configurations. 

There are different solar panels to choose from, depending on the need wishes of 

the client. The solar panels used by Sustainer Homes, are a Solarclarity panel 

system. In case of the Sustainer Homes, it supplies at least 2 kiloWattpeak (kWp) 

(this is the maximum power that the panel system is able to generate). The 

standard model of the Sustainer Home accommodates 3-4 persons and has a 

surface area of 45-60 m2. When this accommodation is used for 80 to 90% of the 

time in a year, the energy demand is 2700 kWh per year. The solar panel system is 

fully able to supply this amount. This information is provided by Patrick de Baat, an 

expert of Sustainer Homes. 
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Aside from the solar panels of Sustainer homes, the Photovoltaic thermal (PVT) 

panel system is deemed as highly beneficial. It is incorporated in Tiny TIM and 

comes from a company called Triple Solar. It is a new kind of solar panel which 

integrates a solar collector and a regular solar panel. The company provides these 

panels in combination with a heat pump. Besides to the heat pump, other electricity 

requiring machines can be connected to the PVT.  

The technical specifications for a PVT panel – which is either large or small -are as 

follows:  

 3400 x 1007mm (large) and 1735 x 1007mm (small) 

 500W/m2 (with 800W/m2 radiation, T=20°C and wind velocity=3m/s) 

 520 Wp (large) and 260 Wp (small) 

 thermal: 3,0 GJ /m2 per year with 10 oC ingoing temperature  

 minimal power warmth exchanger: 75W/m2 (with –10°C) (TripleSolar) 

By connecting (the same) solar panels to each other, the power that can be 

generated from this panel system is increased. This way, a PV installation can be 

shaped to the needs of the accommodation. As a rule of thumb, one Watt peak can 

generate 0,85 to 1 kWh per year (Wikipedia, 2015a). This conversion is based on a 

general average in the Netherlands. According to this conversion and using the 

electricity demand of 4800 kWh/year calculated in section 2.3, a PV system of 

4800-5650 Wp would need to be installed. When the large PVT panels are used, at 

most 5650/520=11 panels need to be installed. The size of this panel system would 

be 3.4*1.01*11=63.6 m2. 

However, Sustainer Homes is able to provide 3000 kWh per year with a solar panel 

system of at least 2 kWp (=2000 Wp). This suggests that, when 4800 kWh per year 

needs to be produced, a minimum PV system of 4800/3000*2=3.2 kWp is required. 

Thus, the PV system may not be as large as calculated from this rule of thumb. 

Using this 3.2 kWp, we calculate the amount of PVT panels needed again: this is 

3200/520=6 large panels. 6*3.4*1.01m=20.6 m2. These are very rough estimates, 

and should only be used as an indication.   

In 3.1.1.1, calculations are made based on radiation in kWh. Specifications of solar 

panels generally do not provide information of an efficiency from kWh to kWh (solar 

radiation to output solar panels), normally only the Watt peak and sizes are given. 

The ‘rule of thumb’, with a conversion from Watt peak to kWh, differs from place to 

place and is also dependent on weather conditions (Wikipedia, 2015b). However, 

because we wanted to provide information about promising solar panels, we 

decided to include this section anyways, even though it does not entirely relate to 

the assessment below. 
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 Assessment for the Biesbosch 3.1.1.1

The Bilt is the central point in the Netherlands where meteorological measurements 

are being taken. The data obtained from these measurements provides insight in 

daily, monthly or yearly averages of about nearly all meteorological phenomena. 

Among these, the solar activity is the most important to get an impression of how 

much energy a solar panel will produce. Solar activity will be expressed in kWh/m2 

for this research. Based on these values, an estimate can be made for how much 

energy the solar panels will produce.   

In Table 19 in Appendix II, the daily sums of MJ/m2 per month are given (Velds, 

s.a.). These values are converted to kWh/m2 by dividing it by 3.6 (1 kWh=3.6 MJ). 

The assumption is made that measurements for MJ/m2 are taken based on a 0o tilt 

(horizontal surface). The positioning of the solar panel influences the amount of 

energy it receives from the sun, which is why it is important to make clear what tilt 

the values are based on. From Table 19, it is directly noticeable that the solar 

irradiation is lowest during the winter months and highest during the summer 

months.  

To check whether these values are correct, it is compared to the study of (Achard & 

Gicquel, 1987) that states that in June, the total radiation in kWh/m2 is 82-153, 

depending on the tilt (1987). In December, the total radiation coming from the sun 

is 16-30 kWh per m2. The data is based on measurements at a latitude of 520 N. 

The Netherlands is on the same latitude (World). Note that a comparison is made 

between two different sources to check the validity of the values: The research of 

(Velds), from the KNMI, and of (Achard & Gicquel, 1987). 

As mentioned before, the assumption is made that the data given above is 

calculated based on a 00 tilt. The research of (Achard, 1987; Achard & Gicquel, 

1987) reveals that the solar radiation is 153 kWh/m2 in June and 16 kWh/m2 in 

December (1987). These values however, are not yet comparable to the data given 

in Table 19. To make them comparable, they need to be converted from total 

radiation per month to daily radiation per month. Doing so requires the total 

radiation to be divided by the number of days in the particular month, which yields 

5.10 kWh/m2 per day for June and 0.52 kWh/m2 per day for December.  

These values are nearly the same as the data given in Table 19. Thus, the 

information can be relied on. To estimate the available amount of solar power, we 

calculate the amount of radiation for the surface area we can work with. As 

mentioned previously in the introduction, the surface area we can work with is 45-

60 m2. The results are indicated in Table 3. 
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Table 3: Daily sum of solar radiation per surface area  

Month Daily solar 

energy in 

kWh/m2 

Daily solar 

energy in 

kWh/45m2 

Daily solar 

energy in 

kWh/60m2 

January 0.63 28 38 

February 1.34 60 80 

March  2.21 99 132 

April  3.61 163 217 

May 4.59 207 276 

June 4.90 221 294 

July 4.71 212 282 

August 4.14 187 249 

September 2.86 129 172 

October 1.71 77 103 

November 0.78 35 47 

December 0.49 22 30 

 

In theory, there is more than enough solar energy available to provide for the 

calculated demand of 13.15 kWh/day in section 2.3. This would account for both 

the heat and electricity demand. However, the efficiency of a solar panel is never 

100%. Generally, they are in the range of 11-15% (Pureenergies; "Solar Panel 

Efficiency,"). We assume the efficiency of the solar panels that will be installed are 

at the optimum of this range, which is why we calculate with an efficiency of 15%. 

This means that (13.15  x 
1

0.15
=) 87.67 kWh of solar radiation per day is needed. 

The months March - September will be able to cover this if 45m2 of the surface will 

be used for solar panels, and the months March - October will be able to cover this 

if 60m2 of the surface is used. The solar panel surface area needed to produce the 

required energy demand can be calculated per month. The months June and 

December are chosen, because they account for the highest and lowest amount of 

solar irradiation. This gives a solar panel surface of 
13.15

0.15𝑥4.9
= 17.89 𝑚2 in June and 

13.15

0.15𝑥0.49
= 178.9 𝑚2 in December. These values mean that without storage facilities 

and solely relying on solar power, this is the surface area that should be used for 

solar panels. 

However, as mentioned before, the values of Table 19 are based on measurements 

from a horizontal position, not a tilted one. This means that a larger energy supply 

can be secured by tilting the solar panel. Table 4 gives an overview of these 

improved values.  
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Table 4: Daily sum of solar radiation per surface area with a tilt of 45
o
 (Achard & Gicquel, 1987) 

Month Daily kWh/m2 Daily kWh/45m2 Daily kWh/60m2 

June 4.77 214.5 286 

December 0.935 42.1 56.1 

 

For June, the daily yield of radiation is decreased with 3% compared to the yield 

obtained with a 0o tilt. For December, the yield increased substantially with 92%. 

The result is that tilting the panels is more preferable, because there is plenty of 

solar energy available in June.  

The solar panel surface area needed to produce the required energy demand (13.15 

kWh) can be calculated per month again. The same calculation as on the previous 

page is made, this time using the values of Table 4. It yields the overview given in 

Table 5. 

Table 5: Comparison between needed solar panel surface area to meet a demand of 13.15 kWh/day 

 0o tilt 45o tilt 

Month Daily energy 

supply in 

kWh/m2 

Surface area 

needed in m2 

Daily energy 

supply in 

kWh/m2 

Surface area 

needed in m2 

June 0.735 17.89 0.715 18.4 

December 0.074 178.9 0.14 93.9 

 

The data on the increase of irradiation based on the positioning of the solar panels 

can be extrapolated, so that a prediction is made for the remaining months. A 

calculation is made in which the solar panel efficiency is also integrated. The 

efficiency improvement/decrease expressed in percentage earlier -92% increase in 

December and 3% decrease in June- is herein converted to a fraction. Table 6 

shows the result of this. 
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Table 6: Daily energy supply from solar panels per surface area 

Month Assumed 

fraction of 

increase/dec

rease in 

radiation 

Daily energy 

supply of 

solar panels 

in 

kWh/m2 

Daily energy 

supply solar 

panels in 

kWh/45m2 

Daily energy 

supply solar 

panels in 

kWh/60m2 

January 1.77 0.16 7.5 10.0 

February 1.61 0.31 14.6 19.4 

March  1.45 0.48 21.6 28.8 

April  1.29 0.70 31.4 41.9 

May 1.13 0.78 35.0 46.7 

June 0.97 0.71 32.1 42.8 

July 1.03 0.73 32.7 43.6 

August 1.29 0.79 36.1 48.1 

September 1.45 0.63 28.0 37.3 

October 1.61 0.41 18.6 24.8 

November 1.77 0.21 9.4 12.5 

December 1.92 0.14 6.4 8.5 

 

The estimate of the daily energy supply can be used to predict in what months 

enough solar energy is provided. This holds for the months February – October if 45 

m2 of the surface area will be used. If 60 m2 of the surface area is used, this 

monthly range is the same. This is based on the demand of 13.15 kWh/day. While 

the range of months, in which the solar energy would be able to be the only energy 

source, does not expand when we increase the surface area, it can be noted that 

the increased supply of energy in kWh/day for a larger surface area would require 

smaller storage facilities.  

Certain assumptions were made for the calculations, of which an overview is given 

below. 

 The increase/decrease in radiation due to the tilting of the surface is an 

estimate, based on the two values in June and December found in the 

research of Achard & R. Gicquel (1987) 

 The values are based on a solar panel efficiency of 15%. 

 The energy demand is 13.15 kWh/day. This is a risky assumption, as the 

demand may differ greatly every season. For more details regarding this 

assumption, see Discussion Demand  

The daily energy shortage and surplus per month for the different surface areas is 

given in Table 7. It implicitly integrates the ‘energy gap’ between demand (13.15 

kWh/day) and supply. 
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Table 7: Daily shortage/surplus in energy from solar panels 

Month Daily 

shortage (-) 

or surplus 

(+) in 

kWh/45 m2 

Daily 

shortage (-) 

or surplus 

(+) in 

kWh/60 m2 

January -6,0 -49,3 

February +0,9 +33,0 

March  +8,4 +60,7 

April  +18,2 +66,1 

May +21,9 +63,1 

June +18,9 +50,4 

July +19,5 +55,7 

August +22,5 +71,6 

September +15,2 +72,0 

October +5,3 +57,8 

November -3,6 -4,3 

December -6,7 -79,1 

 

Thus, for the months of November - January, there needs to be an additional 

source for the energy, both when 45 m2 and 60 m2 is used. By exploring the option 

of the storage capabilities, the problem of not having enough energy in these 

months might be mitigated.  

 Wind turbines 3.1.2

As mentioned in the beginning of this chapter, wind 

turbines are, besides solar panels, one of the most 

important renewable technologies. To provide the 

demanded energy, the Living Lodge could thus 

make use of wind power. The Biesbosch is part of 

the Natura 2000-area that is designated for birds 

(EuropeanCommission, 2015; MilieuCentraal, s.a.), 

so the wind turbines should be bird friendly. Several 

small wind turbines can be considered. They can be 

divided in horizontal rotating axis and vertical 

rotating axis turbines. An example of a vertical axis 

turbine is the savonius type, used by Tiny TIM, a 

small self-sufficient house in Fabcity (Amsterdam) 

(TinyTIM, s.a.-e). This is a quiet, compact turbine 

(Ikleefgroen, 2010) that can work with high wind 
Figure 4: Wind speeds in the Netherlands at 
10 meter height. Retrieved from: 
http://www.homeenergy.nl/bestanden/wi
ndkaart%20NL.pdf and 
https://www.milieucentraal.nl/klimaat-en-
aarde/energiebronnen/windenergie/kleine-
windmolens/ 

http://www.homeenergy.nl/bestanden/windkaart%20NL.pdf
http://www.homeenergy.nl/bestanden/windkaart%20NL.pdf
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speeds (TinyTIM, s.a.-b). It is unclear what version of savonius is used. Windside is 

a company that produces savonius type wind turbines. The Windside WS-4c has a 

power of 240 Watt and can provide 1,700 kWh per year. The costs are €16,650 

(DeWindvogel, 2004). The power of Windside WS-4b is 3kW and investment costs 

are €30,000 (RenCom, 2010). Windside states that their wind turbines are 

soundless and ‘do not kill birds’ (Windside, 2009). An example of a horizontal axis 

turbine is explained in SECTION LIAM.  

Milieu Centraal also states that an yearly average wind speed of at least 5.5 m/s is 

required for small wind turbines (MilieuCentraal, s.a.). Figure 4 shows that the 

(yearly average) wind speed is 4,5 – 5 m per second at a height of 10 metres for 

the Biesbosch.  

Horizontal axis wind turbines work better in 

rural and coastal areas, because there are 

less squalls and also the direction the wind 

is coming from, is less variable. Vertical 

axis wind turbines, moreover, often work 

more efficiently in urban environments 

(MilieuCentraal, s.a.). Therefore, turbines 

like the Liam F1 are preferred and 

interesting to discuss. A picture of this wind 

turbine is shown in Figure 5.  

 The Liam F1 UWT 3.1.3

Information on the amount of energy that can be produced with this wind turbine is 

very variable. The Archimedes, the producer of the Liam F1, states on its website 

that, at a height of 10 meters, the turbine will generate 300 to 2,500 kWh per year 

at an average wind speed of 4,5 m/s (theArchimedes, 2016).  

Other websites state that the manufacturer claims the Liam F1 produces 1,500 kWh 

per year at a wind speed of 5 m/s (Coxworth, 2014) or 1180-1500 kWh per year at 

wind speed of 5.2 m/s (Windvoordeel, 2014). Thus, it is very unclear how many 

kWh the Liam can produce for the Living Lodge. For the designing of the 

configuration, we will assume it is 1400 kWh per year at a wind speed of 5 m/s. It 

is expected the wind turbine will be placed at a maximum height of 5 meter to 

minimise the visibility of the wind turbine. As can be seen at the website of 

Wageningen University: Meteorology and Air Quality, wind speeds are higher at 

larger heights (WageningenUR, s.a.). Figure 1 showed that at a height of 10 metres 

wind speeds will be between 4.5 and 5 meter per second, so at a height of 5 meters 

we can expect lower wind speeds and thus a lower energy yield.  

Figure 5: Liam F1 Wind Turbine. Retrieved from: 
http://dearchimedes.com/liam/ 
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Because information is absent, we estimate that at a height of 5 meters the wind 

speed will be around 4 m/s and that this wind speed would result in an energy 

production of 1000 kWh per year per wind turbine. The estimate of a wind speed of 

4 m/s is an assumption we cannot avoid. The Archimedes advises to place the Liam 

wind turbine in an area with a wind speed of at least 4.5 m/s. If average wind 

speed is less, placing the wind turbine higher is recommended (theArchimedes, 

2016). 

Further, the Liam has a diameter of 1,5 m. Several of these wind turbines can be 

placed together if they are placed well. The Archimedes mentions a triangular 

alignment, where the wind turbines do not compromise each other’s energy yield 

(theArchimedes, 2016). No information is present on required distance between the 

turbines.   

Costs are €3,999 (Nguyen, 2014) and sound levels are about 45 db (to compare, 

rain in a forest is 50 decibels) (theArchimedes, 2016). 

 Additional technologies 3.1.4

In order to make the tourists aware of the self-sufficiency of the Living Lodge and 

make the energy generation (seem) interactive, we want to install visible 

technologies inside, through which the visitors can generate power themselves. The 

main function of these technologies is to educate, so the amount of electricity which 

can be generated is not the most important feature. By implementing the smart 

meter (see section 0), the generated electricity from these technologies can also be 

looked up. Two energy harvesting technologies which could be installed in the 

Living Lodge are: 

 A home trainer, which can be used for emergency power generation or just 

to charge the short-term storage batteries of the Lodge. 

 Piezoelectric generators, which harvest energy by converting the mechanical 

energy of small motions into electric energy. These generators could, for 

instance, be installed on the doors of kitchen cupboards, in the floor or in the 

sofa. 

 Bicycle generator 3.1.4.1

For the bicycle generator two different types are 

available. The first is a fully equipped home 

trainer, able to charge a 12V battery (SportsArt, 

2015). This option has the advantage that the 

tourists do not have to bring their own bike in 

order use this generator. A disadvantage is the 

space it requires (almost 1 m2). The second option 

(Figure 6) is a stand to put your own bicycle in. 
Figure 6: Stand bicycle generator of MNS 
Human Power Generating Systems. 
Retrieved from: 
http://www.powergeneratorsdirect.com/i
nventory/2163874/ 
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Via this stand, you can also charge a 12V battery. This stand requires only a little 

amount of space when not in use, because you can detach the bicycle 

(PedalPowerGenerators, 2016). The disadvantage is that the tourists need to bring 

their own bicycles to be able to use this generator. Both generation systems are 

able to charge a 12V battery. The batteries that are going to be installed in the 

Lodge might not be 12V batteries, but this disunion can easily be solved by 

installing an inverter (to convert DC to AC) between the home trainer and the 

battery. 

 Piezoelectric generator 3.1.4.2

There are several of options available for piezoelectric generators. A lot of research 

is done regarding this energy harvesting method. All of these technologies use the 

same principle. The power density of these tiny generators can for example be 9.0 

µW/cm3 (Alam & Mandal, 2016). Theoretically that would mean that a generator 

with an area of 4,6 m3 needs to be pushed maximally and continuously during 24 

hours in order to produce 1 kWh of electricity. For comparison, 2 kWh is needed to 

power one cycle of the average dishwasher. Naturally, this power density value 

varies for different variations of the same technology, but the order of magnitude 

will be the same for all technologies of this kind. The total amount of energy which 

can be converted into electricity by these small applications depends on where the 

piezoelectric generators are installed. In other words, the energy generation is 

dependent on the total area size of the generators, the times they are being 

stretched or pressed and the force with which they are pressured (Alam & Mandal, 

2016). For the Living Lodge the total amount of electricity generated by the 

piezoelectric generators will be around 2 kWh per year. In order to make them the 

most visible and the most likely to be used a lot, the piezoelectric generators should 

preferably be installed in all kinds of doors. If installed in a convenient way, profit 

can be gained from the effect of leverage. The electricity generated by the 

piezoelectric generators can be used to charge the short term storage batteries of 

the Lodge. 

3.2 Energy Storage 

As mentioned in section 3.1.1.1, the energy gap between demand and supply 

cannot be filled when the only energy source is solar panels. Yet, a surplus of solar 

energy produced during summer days can be stored for use at times when solar 

panels cannot produce the energy demand. An energy shortage often occurs early 

in the morning or during winter months.  

The estimated surplus and shortage in energy per day have been calculated earlier, 

see Table 7. This information will be used to estimate the amount of energy that 

needs to be stored. To know what the total monthly shortage or surplus is, the 
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values of Table 7 are multiplied with the amount of days in that month. This results 

in values given in Table 8. 

Table 8: Monthly surplus/shortage in energy from solar panels 

Month Monthly 

shortage/surplus in 

kWh for 45m2 

Monthly 

shortage/surplus for 

60m2 

January -185 -111 

February +27 +159 

March  +260 +482 

April  +546 +859 

May +680 +1043 

June +568 +889 

July +605 +943 

August +699 +1068 

September +457 +741 

October +165 +356 

November -108 -12 

December -207 -140 

 

We base further calculations on the storage facilities on this data. 

 Lithium ion battery 3.2.1

For a long time, lead-acid batteries were used for renewable energy storage, 

because of their reliability and energy capacity. Recently however, lithium ion 

batteries, used for electric vehicles and personal electronics, have attracted much 

attention (Richmond, 2013). The Li-ion battery has non-toxic chemicals and is 

recyclable (PowerTechsystems, 2015a, 2015b). Charge and discharge efficiency of 

Li-ion batteries are nearly 100% (Gibson & Kelly, 2010; Hall & Bain, 2008).  

Most interesting is the largest type of these batteries: the prismatic type, mostly 

used in electric vehicles. Prismatic lithium-ion batteries weigh about one-third of 

lead-acid batteries. They are also a lot smaller and less affected by low 

temperatures (at low temperatures, storage capacity drops). Arora et al. state the 

self-discharge is 2-3% per month at room temperature, versus 10% per month at 

55 oC (Arora, White, & Doyle, 1998). Chen et al., however, state self-discharge is a 

bit higher, about 0.1–0.3% per day, and therefore advise a storage period of no 

longer than tens of days (Chen et al., 2009).  

The largest disadvantage of the Lithium ion battery is that it requires a battery 

management system that monitors the voltage and temperature and protects 
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against too much charging and discharging (Richmond, 2013). Another drawback is 

the high cost of the battery (Hall & Bain, 2008).  

 Tesla Powerwall 3.2.1.1

The Tesla Powerwall does not have the disadvantage of requiring a management 

system because it integrates this in its design. It consists of a lithium-ion battery 

system (Tesla, 2016a, 2016b) of 7 kWh (Doyle & Barnes, 2016). The efficiency of 

the Powerwall is 92%, thus the actual capacity is about 6.4 kWh (TeslaMotors, 

2016a, 2016b). The battery is designed to be charged and discharged daily, in 

order to make it possible to profit from the solar energy at night time. The power of 

the solar energy generation system should be high enough to power devices of the 

accommodation and the Powerwall at the same time. For most homes this means at 

least a 4 kW array of solar panels (Doyle & Barnes, 2016). The Powerwall needs a 

specific inverter and the previously mentioned minimum amount of power, so it 

needs to be checked whether the solar panels and inverter go together with the 

Powerwall. The advantage of this specific battery is that it is specifically designed 

for storage of solar energy on household scale. The Powerwall is designed in such a 

way that it is compact (only 0,2 m2), can be installed on the outside of a house, has 

almost no need for maintenance and is totally automatic. All these features 

together make the Tesla Powerwall easy to use for lay people. Costs for a Powerwall 

are $3500.-- in the United States (TeslaMotors, 2016a). If one Powerwall is not 

sufficient enough to meet our energy demand, multiple batteries can be combined 

(up to nine, but that will not be necessary in our case). 

 Portabella Battery 3.2.1.2

Current rechargeable lithium ion batteries often consist of synthetic graphite 

anodes that facilitate the transport of electrons. An “inexpensive, environmentally 

friendly and easy to produce” (Nealon, 2015) alternative to graphite anodes has 

been created by researchers at the University of California, Riverside Bourns 

College of Engineering. They have proven that mushrooms can be used as building 

blocks of battery anodes. The researchers are certain that, with optimization, the 

mushroom-based technology can replace graphite anodes. The high porosity of 

mushrooms is advantageous for creating more space for storage and the transfer of 

energy than graphite anodes can provide. Due to a high potassium salt 

concentration, mushrooms can actually gradually expand the capacity of the 

battery. A start-up company, Ionobell7, has been formed by the Californian 

researchers. They want to focus on further developing eco-friendly high-

performance batteries for electronics and electrical vehicles.  

                                                           
7
 Ionobell website: http://www.ionobell.com/ 
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 Hydrogen Storage 3.2.2

Seasonal fluctuations are impossible to mitigate when only depending on solar 

energy. There will have to be a safe storage system that makes sure energy can be 

supplied at all times. A battery will not be able to secure this, because it is only 

effective in the short term: “While batteries serve high power loads and absorb high 

power flows from the PV system, the hydrogen subsystem handles production 

fluctuations over long periods” (Bielmann, Vogt, Zimmermann, & Züttel, 2011). 

Thus, hydrogen storage seems a suitable candidate to solve the problem. The 

hydrogen gas serves as a form of energy. 

The total shortage (yearly) adds up to an amount of 500 kWh when a solar panel 

surface area of 45 m2 is used. This is based on the information provided in Table 8 

With 60 m2 this amount is 263 kWh. The months in which a shortage occurs follow 

in sequence. This means that there is no opportunity to ‘recharge’ any storage 

systems. In other words, the tank in which hydrogen is stored will have to be large 

enough to store the sum of energy required in the months November through to 

January. This is the amount given in the beginning of this paragraph. 

However, the efficiency for conversion from electricity - coming from the solar 

panels - to hydrogen gas and vice versa is not 100%. It means that a larger 

amount than the calculated 500 or 263 kWh needs to be stored.  

 

Figure 7: An example of an energy system with hydrogen storage (Bielmann et al., 2011). 

As can be derived from Figure 7, the photovoltaic system - ergo, solar panels or PV 

system - first produces the electricity to meet the demand of the household, which 

is indicated by the light bulb. If a surplus of electricity results from the gap of 

production and demand, the remaining electricity will be stored in a battery. When 

the battery is fully charged as a result, the surplus of energy can be converted to 

hydrogen with an efficiency of 70%, by an electrolyser. After it has been converted, 

it can be used again at a later moment by conversion through a fuel cell, with an 

efficiency of 50% (Gahleitner, 2013). This results in a total efficiency of conversion 

to and from hydrogen of 35%. 
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To calculate the required storage space in kWh, the energy shortage has to be 

divided by the efficiency of the fuel cell, e.g. 500/0.5 (for 45 m2). This accounts for 

the conversion from the hydrogen storage tank to electricity, making use of a fuel 

cell. It gives use the amount of energy that needs to be stored. This is 1000 kWh if 

a surface area of 45 m2 is used for the solar panels. If 60 m2 of surface area is used 

for the solar panels, 526 kWh needs to be stored. 

Bielmann et al. have a hydrogen storage capacity of 200 kWh, that requires a space 

of 440 L (0,44 m3). The hydrogen storage weight is 600 kg for 200 kWh (Bielmann 

et al., 2011). If these values are extrapolated and applied to the case of the Living 

Lodge, the following table is obtained. 

Table 9 Calculated tank properties for sufficient hydrogen storage 

Tank requirements 45 m2 solar panel 

surface area 

60 m2 solar panel 

surface area 

Energy to be stored 1000 kWh 526 kWh 

Kg H2 required 3000 kg 1578 kg 

Required space 2200 L (or 2,2 m3) 1157 L (or 1,2m3) 

 

To calculate the required energy input for the hydrogen system, energy shortage 

has to be divided by the efficiency of 70% (from the electrolyser). This results in 

amount of energy to store of 1429 kWh if 45 m2 of the surface area is used for 

solar panels, and 751 kWh if 60 m2 is used. 

When the storage capacity is as large as given above, there should, in theory, not 

be any problems with the energy shortages in the months of November to January. 

However, some assumptions were made to obtain these numbers: 

 There will not be a loss of energy stored in the hydrogen tanks due to the 

passing of time, also known as self-discharge. This is normally not the case 

when energy is stored (see Lithium ion battery 

 Table 8, which is the result of calculations from “solar power assessment”, 

can be relied on. 

 The values are based on a demand of 13.15 kWh/day, which is the supposed 

energy demand when 6-7 persons occupy the Living Lodge during the whole 

year.  

If the Lodge accommodates less people or is not occupied full time, then new 

calculations for the storage volumes will have to be made. The steps, however, 

remain the same. Despite these assumptions however, this will provide a general 

picture as to what can be expected of a hydrogen storage system. 
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 Thermal storage 3.2.3

Another technique for storing energy on the long term is thermal. Methods to store 

excess heat have been under investigation since the 1970s (Fernandez, Martínez, 

Segarra, Martorell, & Cabeza, 2010). The technological solutions to implement the 

concept have however only recently gained more attention. Technologies to make 

space heating and/or cooling, hot water supply and electricity production via 

thermal storage possible in residential buildings fall into this category 

(Tatsidjodoung, Le Pierrès, & Luo, 2013). Thermal energy storage is especially 

interesting due to its ability to balance heat supply and demand. There are obvious 

diurnal or seasonal mismatches of heat supply and heat demand. Solar irradiation, 

which is the most natural heat source, peaks during summer, yet heat energy is 

required mostly during winter. In order to capture heat during the summer and use 

it during winter, several thermal energy storage techniques have been developed 

up until now. To be more specific, three different storage methods are available or 

under investigation: sensible heat storage, latent heat storage and thermochemical 

storage (IEA-ETSAP & IRENA, 2013). Within these categories, there are numerous 

material options and applications to choose from. Materials with high heat storage 

capacities and good heat transfer characteristics are favourable in all three storage 

methods (Tatsidjodoung et al., 2013).  

Sensible heat storage is probably the simplest and cheapest storage method of the 

three. Materials applied in such a storage system undergo no phase change within 

the boundaries of the required temperatures for the storage process. Two groups of 

materials come into consideration for this type of storage: liquids and solids. The 

most popular and commercial liquid storage medium is water (IEA-ETSAP & IRENA, 

2013). Different storage techniques for water are possible: storage tanks, aquifers, 

and solar ponds. For the Living Lodge, only the storage tanks are an option, as 

aquifers are situated underground and solar ponds require saline water 

(Tatsidjodoung et al., 2013). Solid storage materials could be rocks, metals, 

concrete, sand or bricks, each with different advantages and drawbacks. Storage 

media for sensible heat storage are relatively cheap compared to the other types of 

heat storage. Nevertheless, the storage material can prove a costly element due to 

its requirement of effective insulation (IEA-ETSAP & IRENA, 2013).   

More efficient methods that prove to have a higher heat storage capacity than 

sensible heat storage are latent heat storage and thermochemical heat storage. In 

contrast to sensible heat storage, the latent heat storage process is based on phase 

changing materials (PCMs) that release or absorb heat when transforming from one 

physical state into another (Tatsidjodoung et al., 2013), for example from a liquid 

to a solid. Tatsidjodoung et al. (2013) have presented a list of experiments in which 

PCMs have been incorporated into the building mass or structure like the floor or 

the ceiling and walls. They also state that for the same amount of heat stored, 
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latent heat storage systems need 1.5 to 3 times less volume than sensible heat 

storage systems 

The last option of this section is to use thermochemical storage. Energy stored in 

chemical molecules or compounds can be retrieved by reversing the reaction 

between the elements. The reaction often involves a solid and a gas, the gas often 

being water vapour in building applications. Thermochemical storage has significant 

advantages over the other two methods when regarding seasonal storage. It offers 

the highest storage capacity, reactants can be stored at ambient temperature and 

hardly any discharge (heat loss) takes place. This technology is at an early stage of 

development, but may prove a promising method in the coming years.  

According to A. ter Heijne at Wageningen UR, thermal energy storage in its current 

stage of development. It might be useful for space and water heating. 

Unfortunately, it is not yet feasible to convert the stored heat into electricity. For 

this purpose, hydrogen storage is a more efficient option. The table below provides 

a brief comparison of all three storage options with reference to costs, storage 

capacity, storage efficiency and other aspects.  

Table 10: A comparison of three types of thermal storage. Retrieved from https://www.irena.org/DocumentDownloads/ 
Publications/IRENA-ETSAP%20Tech%20Brief%20E17%20Thermal%20Energy%20Storage.pdf  

Characteristics Sensible heat 

storage (hot 

water tanks) 

Latent heat 

storage 

Thermo-

chemical storage 

(Compared) 

Costs 

€0,1-10/kWh €10-50/kWh €8-100/kWh 

Volume 28kWh/m3 80-140kWh/m3 280kWh/m3 

Energy density 25kWh/m3 

Low (3-5 times 

lower) 

100kWh/m3  

Melting process 

e.g ice 

300kWh/m3 

Storage capacity 10-50kWh/t 50-150kWh/t 120-250kWh/t 

Storage 

efficiency 

50-90% 75-90% 75-100% 

Power (MW) 0,001-10 0,001-1 0,01-1 

Storage period Days - months Hours - months Hours – 

days/months 

 

3.3 Heating and cooling 

For heating and cooling options, different technologies have been investigated, 

which can be categorised in two different headings: Active and passive heating and 

cooling.  

https://www.irena.org/DocumentDownloads/%20Publications/IRENA-ETSAP%20Tech%20Brief%20E17%20Thermal%20Energy%20Storage.pdf
https://www.irena.org/DocumentDownloads/%20Publications/IRENA-ETSAP%20Tech%20Brief%20E17%20Thermal%20Energy%20Storage.pdf
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 Heat pumps  3.3.1

Heat pumps (Figure 8) are active cooling and heating systems, which work in a 

similar way as refrigerators. The difference however is that they work the other way 

around (mackay, 2008). There are three different types of heat pumps. The first 

group, and most commonly used 

types, are air source heat pump 

(USDepartmentOfEnergy, s.a.-e). 

Air-to-air heat pumps are the most 

common model of air source heat 

pumps and consist of a compressor 

and two coils made of copper tubing. 

One of the coils is on the inside, the 

other coils is on the outside of the 

building. Liquid refrigerant runs 

through these coils. The refrigerant 

extracts heat from the surrounding 

area, which causes it to evaporate. 

The evaporated refrigerant is 

transported to the other coil where it 

releases its stored heat into the 

building. After this the refrigerant condenses again. A reversing valve changes the 

direction of the refrigerant every time it is needed (USDepartmentOfEnergy, s.a.-

b). This allows the heat pump to work as a cooling unit during the summer and a 

heating unit during the winter. Additionally, there are mini-split heat pumps. These 

heat pumps are small heat pumps used for heating and cooling of single rooms 

using a similar system as the normal air-to-air heat pumps 

(USDepartmentOfEnergy, s.a.-d). Another type of air source heat pump is the air-

to-water heat pump. Such heat pumps use heat from the air, in the same manner 

as air-to-air heat pumps, to heat water. This water could in turn be used to shower 

or to heat the building (Duurzaamthuis, 2011). A down side of Air source heat 

pumps is that the outside unit does make some noise (USDepartmentOfEnergy, 

s.a.-b), which is not preferable in the Biesbosch. 

 

The second type of heat pumps are geothermal heat pumps. Included in this 

category are water source heat pumps like water-to-water heat pumps and ground 

source heat pumps. These systems use a network of pipes to extract heat from the 

ground or water source. Because ground and water temperatures are more stable 

than air temperatures, geothermal heat pumps have a higher efficiency than air-

source heat pumps (USDepartmentOfEnergy, s.a.-e). It is necessary to dig the 

pipes into the ground to prevent freezing. Therefore, geothermal heat pumps would 

not be usable for the Living Lodge. To bury the pipes in the ground would have an 

Figure 8: Heat pumps. Retrieved from 
htt://www.veoliawater2energy.com/en/references/heat-
pumps/p 
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impact on the direct environment. To lay them down on the surface is not an option 

for the Living Lodge, for it will not be transportable and will result in inconvenience 

for the guests of the Lodge. 

 

Absorption heat pumps make up the third category of heat pumps. In contrast to 

the other two types of pumps, absorption heat pumps do not use electricity. 

Absorption heat pumps instead use other sources such as natural gas, propane or 

solar heated water. These systems are however, unlike other heat pumps, non-

reversible. They can only be used  for space heating instead of also using them for 

cooling (USDepartmentOfEnergy, s.a.-a).  In the Lodge it would be possible to 

combine solar heated water with an absorption heat pump to heat the Lodge during 

the winter. If this is to work, enough solar light to heat the water needs to be 

available, which might not always be the case in the Netherlands.  

 

Another absorption based system is a system using ammonia. These systems are 

still new and in development for residential buildings. The energy efficiency of these 

systems is lower than the efficiency of normal electric heaters and are thus not 

usable in the Lodge. Ammonia based heat pumps might get more efficient in the 

future (Garimella et al., 2016). 

 

In Table 11 the efficiencies and energy usage of heat pumps are shown. The 

coefficient of performance (COP) value is the value under heating, the EER value is 

the value under cooling. COP is the general standard used to show the efficiency of 

a heating system. It is based on the amount of energy input required to produce a 

certain amount of heat energy. A COP value of 4 means that 1 W of energy results 

in 4 W of heat energy being produced (mackay, 2008). EER, or energy efficiency 

ratio, is the difference in between the BTU, British thermal units, and the power 

required in Watt. Higher COP and EER values are preferred as a higher EER value 

means that the heat pump is more efficient in cooling, and a higher COP value 

means that it is more efficient in heating (Marini, 2013).  
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Table 11: Standard rate conditions data for heat pump units (Marini, 2013) 

Item Unit Performance data of plant equipment 

 

Water-to-Water Air-to-Water Air-to-Air Split 

Operation 

method 

– Heating Cooling Heating Cooling Heating Cooling Cooling 

Capacity kW 27 29.6 27.5 24 27.7 26.5 1.8 

Compressor 

power input 

kW 5.18 5.17 6.35 7.31 7.4 7.8 0.41 

Total power 

input 

kW 5.19 5.18 6.65 7.57 9.52 8.9 0.56 

COP/EER W/W 5.2 5.2 4.13 3.17 2.88 3 3.2 

 

Water-to-water heat pumps show the highest efficiency, however these systems 

are not preferred in the Lodge as they would require to lay down the pipes for the 

system below the surface of the ground (USDepartmentOfEnergy, s.a.-e). After 

water-to-water heat pumps, air-to-water heat pumps are the most efficient. These 

systems have the highest COP and EER values of the air source based systems and 

are thus preferred in the Lodge (Marini, 2013). The down side of using an Air-to-

Water heat pump is that the systems are more expensive than normal Air-to-Air 

heat pumps (USDepartmentOfEnergy, s.a.-c). Aside from that, the noise it makes 

might be an inconvenience in the Nataura-2000 area. 

 Passive heating and cooling 3.3.2

In order to reduce the energy demand needed for heating and ventilation, the use 

of passive heating can be considered. There are different types of passive heating, 

using variable concepts of the domain of physics. In this paragraph three different 

types of passive heating will be discussed: 

 Rammed earth walls 

 The Trombe wall 

 Natural ventilation 

To further adapt to seasonal differences, an overhang can be added above the 

southward facing windows, regardless of the type of passive heating. In summer 

the sun will be blocked by the overhang to avoid heating up the house. In winter 

the sun will not be blocked, due to its lower position in the sky and will thus heat 

the house (Autodesk, 2013b). 

 Rammed earth walls 3.3.2.1

Rammed earth walls (Figure 9) work with the principle of thermal mass 

(EarthStructures, 2013). Thermal mass is the resistance of a material to change in 
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temperature (Autodesk, 2013a). The rammed earth naturally balances the 

temperature and humidity of the house. The walls can be additionally insulated to 

further increase the R value, which is a commonly used parameter to describe the 

insulation efficiency. SIREWALL is a brand of insulated rammed earth constructions 

that reaches R values from R48 up to R72 (SIREWALL, 2015). That is high 

compared to the R value of an average insulated exterior wall, which can be up to 

approximately R35 (Lawton, Roppel, Fookes, Teasdale, & Schoonhoven). Besides 

being a good insulation material, rammed earth walls store warmth in summer and 

radiate it during winter. The disadvantage of these walls is that, once they are 

placed, they are hard to move, due to the construction method and their weight. 

 

Figure 9: Example of rammed earth wall. Retrieved from: http://www.rammedearth.info/insulated-rammed-earth-
Canada.htm 

 Trombe wall 3.3.2.2

The Trombe wall (Figure 10) is a type of wall which makes indirect use of solar 

heat. The wall consists of a glass wall and a dark wall with high thermal mass that 

stores the solar heat. Between the two walls some space is left that works like a 

small greenhouse. The inner wall can be vented for optimal thermal ventilation. In 

summer the vents can be closed during the day to prevent the room from heating 

up too much and opened during the night to circulate the cool air. In winter the 

opposite can be used to reduce the energy for heating. The Trombe wall does not 

have a high R value, it varies from R14 to R25 (Torcellini & Pless). This is because it 

does not rely on good insulation to be an effective heating system but on the smart 

use of solar heat and passive ventilation. 
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 Natural ventilation 3.3.2.3

Natural ventilation is, in contrast to the previously mentioned techniques, focuses 

on cooling of buildings and air refreshment. Implicitly, it means that natural 

ventilation cannot be used to warm the accommodation. The difference from 

conventional ventilation is that it does not make use of any mechanical system 

(thus does not require electricity) but instead relies on naturally present forms of 

air flow. Examples of these forms are wind driven ventilation or buoyancy driven 

ventilation (in other words stack ventilation). The advantage of buoyancy driven 

ventilation is that it does not depend on whether or not it is windy outside. 

Therefore, it also functions on a hot wind still summer day. Buoyancy is the flowing 

of air due to differences in air density, caused by differences in air temperature and 

humidity. By placing vents in strategic places this air movement can be used to 

refresh and cool the air (Atkinson, 2009). If the climate and instalment is right, 

natural ventilation can replace mechanical ventilation, thus saving in the energy 

demand.  

For the Living Lodge it may be possible to combine some of these passive heating 

systems, possibly supplemented with a conventional heating system. This should be 

discussed with an architect who has experience with passive heating techniques. 

Passive heating is a promising option for reducing the energy demand of the Lodge 

when it comes to heating. 

  

Figure 10 Working of the vented Trombe wall. Retrieved from 
http://sustainabilityworkshop.autodesk.com/buildings/trombe-wall-
and-attached-sunspace 
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3.4 Discussion 

In this chapter, we have looked into ways to generate and store electricity, as well 

as creating an overview of different techniques usable to ventilate and heat the 

house. Surely, there are quite some other options to choose from, as we cannot 

give an overview of every possibility. However, we have made a selection of the 

options based on what seems most suitable (read: sustainable) to implement in the 

Living Lodge. In the configurations, all the options given are taken into account to 

make the Lodge as sustainable as possible. 

We have explained different types of renewable energy. Important is that these 

types should cause less emission by production and waste than they avoid by the 

use, otherwise they will not be sustainable. For the small wind turbines and the 

solar panels, it might be possible they are not sustainable. An assessment could be 

done before this option is chosen.  

Different types of solar panels have been discussed. As was already mentioned, the 

specifications in 3.1.1 cannot be directly compared to the assessment given later. 

However, from the latter it can be concluded that the surface area of the Living 

Lodge will be large enough to get the energy supply that is needed, if combined 

with storage options and perhaps wind turbines. More of this information can be 

found in Chapter 7 Configurations for the Living Lodge.  

Energy generation of solar panels is calculated with a tilt of 45 degrees, while an 

installer of Nuon said a tilt of 35 degrees is used in the Netherlands for optimal 

generation. It is thus likely that the solar panels will generate more electricity than 

is calculated. We did not calculate with a tilt of 35 degrees because no information 

was available. The information about the solar radiation on a surface that has a tilt 

of 45 degrees was limited. Only the months June and December were specified. We 

used this data and extrapolated it to estimate what the solar radiation for the other 

months would be. Because it is an estimate, it needs to be investigated further until 

the uncertainty is mitigated. 

As was also mentioned in the assumptions in section 3.1.1.1, the values are based 

on a solar efficiency of 15%. Naturally, not every solar panel will have such a 

performance. If a solar panel with a lower efficiency is used, it is necessary to 

recalculate the numbers in Table 5: Comparison between needed solar panel surface area to 

meet a demand of 13.15 kWh/day,  
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Table 6: Daily energy supply from solar panels per surface areaand Table 7: Daily shortage/surplus 

in energy from solar panels Otherwise it would not be known what surface area would be 

needed to meet the demand, or how much kWh would be generated per surface 

area.  

The choosing of implementing wind turbines is also influenced by a changing energy 

demand. It is in any case considerable to add additional energy sources, so that the 

energy supply is not entirely dependent on one source of energy, like solar or wind 

energy. Aside from that, if the demand is higher than expected, more wind turbines 

would need to be considered to install. It is important to bear in mind however, that 

the yield of the discussed wind turbine is based on the estimate that the average 

wind speed is 4 m/s at a height of 5 meters.    

The needed storage capacity would also change when the demand changes. If the 

efficiency is higher than 15%, it could be considered to downscale the solar panel 

surface and storage capacity. Of this storage capacity, it is important to keep 

batteries in the energy system to make sure that a high power load can be 

generated during the time it is needed, when a large portion of the devices in the 

Living Lodge are turned on. The hydrogen gas storage is suitable for long term 

storage, but not for generating this high power load.  

A specific volume for the hydrogen tank has been proposed in this chapter. 

However, it has been calculated based on the findings of one scientific report and 

on an average energy demand of 13.15 kWh/day. Even though this value is 

rounded off upwards (see section 2.7), the average energy demand might be 

higher for specific months. We did not account for this possibly higher demand 

(which is probably occurring in the winter months), which is why it is advised to 

research this more into detail. 

When the storage devices are full, excess energy can either be used or wasted. 

Most off-grid solar systems automatically turn off when the batteries are full, so no 

surplus energy is generated. If a hydrogen storage system is installed, the surplus 

of energy would be stored into the tank after the battery is fully charged. When 

users are aware of the surplus of energy because of a smart meter (section 0), they 

can change their energy behaviour and use applications with a high energy demand 

at the moment of surplus (Woofenden, 2009). Excess energy can be used for water 

and space heating (EvergySavingTrust, 2014); A. ter Heijne). However, as a 

relative large amount of surplus energy goes into the hydrogen tank, we do not 

expect the energy surplus will be that high. 

4 Water technologies 

In this chapter we will discuss different technologies for water supply, storage, 

black water treatment and grey water treatment. In water supply and storage, we 
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will discuss rainwater harvesting, Blue-Green roofs, water towers and water tanks. 

In the section of tank storage, the required tank size will be discussed. In black 

water treatment we will discuss different toilets, including composting toilets and 

the Blue diversion AUTARKY. 

In filters we will discuss different technologies to treat (waste) water. These include 

membrane filtration, a technology that uses membranes to filter out contaminants 

from the water, and constructed wetland filters. Constructed wetland filters use 

plants and soil to extract contaminants from the water. 

4.1 Water supply and storage 

Providing potable water to a location not connected to the water grid requires 

different technologies. Firstly, water needs to be collected and reused to meet the 

water demand of the Living Lodge. This water demand of the Lodge is shown in 

Chapter 2. Secondly, depending on the water collection system used, water also 

needs to be stored for longer periods of time. Lastly, the water needs to be treated 

to make it suitable for use. E.g. rainwater harvested from the roof of the Lodge 

could contain contaminants, causing the water to be unfit for consumption.  

 Rainwater harvesting 4.1.1

Rain water harvesting is collecting rain water from a surface area. Preferably from a 

surface area with a slight slope. Rainwater harvesting has been widely used in 
different locations to supply potable water or supplement water used for low quality 

uses, e.g. flushing toilets (Okoye, Solyali, & Akintuʇ, 2015). For the Living Lodge it 
is possible to use rain water, harvested from the roof area, as a source of potable 

water. The collected rain water is originally free from microbial contamination, 
however, due to human and/or animal interactions it is possible the water gets 
contaminated (Schets, Italiaander, van den Berg, & de Roda Husman, 2010). Since 

contamination is a risk, the harvested rain water should be treated by one or more 
of the water treatment technologies explained later on in this paper. In Table 12  

the average amount of rainfall is shown for each month measured over the period 
from 1974-2015. Rainfall for a dry year can be found in Appendix III 

Table 20. The amount of rainfall in mm is equal to the amount of water in L/m2. We 

chose to use the measured data from the weather station in Rotterdam as it is the 

closest weather station to the Biesbosch. 
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Table 12: Amount of harvestable rain water based on average rainfall measured in the Rotterdam area and surface area of 
the Lodge in L (KNMI, 2016) 

Month/year 

 

 

 

Average 

amount of 

rainfall in 

mm 

Harvestable 

rainwater 

(L) with a 45 

m2 roof area 

Harvestable 

rainwater 

(L) with a 60 

m2 roof area 

Harvestable 

rainwater 

(L) with 78 

m2 roof area 

January 69,8 3141 4188 5444 

February 54,6 2457 3276 4259 

March 60,0 2700 3600 4680 

April 39,8 1791 2388 3104 

May 56,6 2547 3396 4415 

June 66,0 2970 3960 5148 

July 75,9 3415,5 4554 5920 

August 83,5 3757,5 5010 6513 

September 83,3 3748,5 4998 6497 

October 86,4 3888 5184 6739 

November 86,1 3874,5 5166 6716 

December 81,6 3672 4896 6365 

Total per 

year 

843,6 37962 50616 65801 

 

Water can, in theory, be reused as many times as is needed. There is, however, a 

peak loss of 30% each time the water passes through the filter, due to the 

constructed wetlands filter (Masi & Martinuzzi, 2007). Based on this loss we have 

decided to limit the number of times the water is recycled to seven for the 

calculations, as there is less than 10% of the original water left over after seven 

cycles. We calculated have this by multiplying 1 L with 0.7 for seven times. Taking 

the sum of the value of each multiplication results in a total of 3.14. This value 

shows the use you are able to get from 1 L of water.  

Taking the 3.14 we formulated the formula : 𝐴 =
Dw

3.14

𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙
  with A is required surface 

area. When using this formula in combination with the expected average demand of 

207,000 L/year, shown in Chapter 2, and the average rainfall of 843.6 L/m2 per 

year we calculated the minimal surface area required to be 78 m2 to meet the 

demand. If the minimal amount of surface area is used, the water storage tank 

would need to be large. We will go further into detail about this in section 4.1.2. 

In these calculations we assume the only water loss is due to the use of a 

constructed wetlands filter and that the waste water of the other treatment systems 

can still be reused. Also assumed is that all the rain water that falls on the roof area 

is harvested with a 100% efficiency and that no evaporation takes place. 

The final assumption we made is that the use of solar panels and wind turbines 

does not affect the amount of harvested water. 
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 Blue Green Roof (Polderdak) 4.1.1.1

A blue roof is designed to temporarily retain water and let it drain slowly 

(Rainproof, 2016b). A green roof is a roof covered in plants, enhancing biodiversity, 

minimizing the runoff peak after rain and offering insulation for the building 

(Rainproof, 2016a). As the first of its kind, the blue green roof is a combination of 

both with all the advantages put together: a green roof that functions as a rain 

water harvesting system and a water storage basin at the same time.  

The prototype on a rooftop in Amsterdam is constructed similarily to a dike, with an 

additional mechanically controlled drainage system (Rainproof, 2016a). The roof 

can be drained according to the weather forecast or whenever water is needed for a 

specific purpose. This prototype can store 25 L/m2 roof, however an estimated 

weight of 120-180 kg/m2 must be taken into account when wanting to incorporate 

such a roof into the Living Lodge. Nevertheless, a blue green roof has an insulating 

effect and can therfore make energy savings of 10 to 30% possible when compared 

to a normal house (Stolp, 2015). It also enhances biodiversity, provides space for 

food production and functions as insulation for sound and temperature. For these 

reasons we regard the blue green roof as an innovative system that goes in 

accordance with the requirements and goals of the Living Lodge. A point of note is 

that indiginous plants will need to be used to prevent the spread of seeds. 

 

 

 

 

  

 

 

 

 

 

 Water tower 4.1.1.2

The Water Tower was originally designed for garden water management. It is 7.6 

metres high and has a closed storage container that can collect and hold 1000 litre 

of water. It is additionally decorated with a small wind turbine that has a maximum 

Figure 11: Cross section of a blue green roof . Retrieved from: 
https://www.rainproof.nl/toolbox/maatregelen/retentiedakpolderdak 
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power output of 500W. This turbine is used to feed 

rainwater from ground level into the reservoir at the 

top of the tower. Without being connected to the grid, 

the turbine only provides enough power to the pump if 

wind is blowing strong enough. We expect that the 

pump can be connected to the Lodge network so that 

the turbine can be left away and a more constant 

energy supply can be guaranteed.  

Due to its simplicity and lightweight material, the 

tower can be assembled and dismantled entirely by 

manpower. It is thus ideal for a temporary location. 

The tower is appealing both for its appearance and 

practicality. For these reasons we regard the Water 

Tower as a suitable option to provide water for the 

much desired hot tub or to supplement the household 

demand. In both cases however, it must be filtered in 

advance. 

 

 

 Tank storage 4.1.2

A water treatment system needs at least two tanks to store water. The first tank is 

needed to contain the untreated water to be able to provide the system with a 

constant influent. The second tank is needed to store the treated water. In a rain 

water harvesting system we would recommend using a separate tank for the 

harvested rain water because it is of higher quality than the untreated grey water 

and thus doesn’t require the same level of treatment before, e.g. treating it by 

ultrafiltration or nanofiltration. 

 

In the Lodge we have a shortage when using a 78 m2 rainwater harvesting system. 

In  

Table 13, we show the water demand for these months, the water collected on a 78 

m2 rain water harvesting area, and the water shortage after recycling the water up 

to 7 times with a 30% loss for each time it is recycled. 

 
Table 13: Water shortage in L during the months of January, February, March, April, May and June. 

Month Water 

harvested on 
a 78 m2 

Water 

demand per 
month (L) 

Water Shortage 

Figure 12: The water tower. Retrieved 
from: http://europebypeople.nl/water-
tower/ 
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surface area 

(L) 

January 5444 17581 17095 485 

February 4259 15879 13373 2507 

March 4680 17581 14695 2886 

April 3104 17014 9748 7266 

May 4415 17581 13862 3718 

June 5148 17014 16165 849 

 

Based on this, the total water needed to be stored for these months is 5640 L or 

5.64 m3 of storage capacity is needed. This is based on reusing the stored water 7 

times. This is all based on the assumption that the only loss is during treatment by 

a constructed wetland filter. These values are also based on rainfall in an average 

year. 

 Other water supply systems 4.1.3

It is impossible to only rely on rain water as a water source in a dry year, we would 

recommend a back-up system. One potential source is surface water, which would 

require pre-treatment by, for example a constructed wetland filter, which will be 

explained in 4.3.2 Constructed wetland. Another possibility is the use of ground 

water. Ground water could directly be treated in a treatment system like a 

nanofiltration system, this will be explained in chapter 4.3.1 Membrane filtration, 

since it generally is of higher quality than surface water. The third possibility is to 

use bottled water instead of producing potable water. The use of ground water 

and/or surface water might be prohibited in the Biesbosch since it is used as a 

water collection area, or in Dutch “waterwingebied”. The Biesbosch being a Natura 

2000 area could also prevent the use of ground water. The last possibility is 

therefore to is to get connected to the Dutch water supply system by Vitens. 

4.2 Black water treatment 

Among experts (Miriam van Eekert and Tiemen Nanninga) and in literature (Green 

& Ho, 2005; Otterpohl, 2002; Tervahauta, Hoang, Hernández, Zeeman, & Buisman, 

2013) there seems to be a common consensus that a “separation of different 

domestic waste water streams and targeted on-site treatment for resource 

recovery” (Tervahauta et al., 2013) is the most promising method to reduce water 

demand and close resource cycles. Domestic waste water streams can be separated 

according to their origin and characteristics. In general, there are two domestic 

waste water streams: black water, which is made up of faeces and urine; and grey 

water, coming from the shower, bath, laundry and kitchen (Kujawa-Roeleveld & 

Zeeman, 2006).  
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Although new sanitation concepts have been introduced and pilot projects tested 

already a decade ago (Otterpohl, 2002), the conventional flushing toilet is still 

widely spread among households inside and outside of the Netherlands. These 

toilets flush human excrements away with roughly 12,000 litres of water per year 

per person (Vitens). In recent years several alternative models have become 

available: low flush, vacuum, separation or even composting toilets have become 

popular. A low flush toilet obviously uses less water than a conventional one, but 

our research has shown that there are still more attractive options. Vacuum toilets 

were not recommended by the experts we talked to, due to the fact that they are 

highly technical and thus highly sensitive to damage. This means that a technical 

deficit like clogging is rather complicated to fix. A composting toilet is an option 

requiring the least maintenance and resource input. This option was however again 

discouraged by experts for use in a luxury accommodation due to aesthetical 

reasons. Nevertheless, we came across a composting toilet, Clivus Multrum, which 

seemed applicable if the design of the Lodge allows it. Ultimately, the exclusions 

left us to focus on the separation toilet which will be explained in more detail below.  

4.2.1 Separation toilet 

A high percentage of soluble nutrients and only a small portion of pathogens are 

found in urine. Faeces are the exact opposite with a high percentage of pathogens 

and low percentage of recoverable nutrients (Green & Ho, 2005). Thus it is logical 

to separate urine and faeces at the source and treat them separately. Theoretically, 

both urine and faeces can flow into separate storage tanks where they can be left 

to decompose. Urine for example only needs to be stored for six months for medical 

residues to have been broken down to a large extent (Otterpohl, 2002). The liquid 

urine could then be diluted and used to water the garden or other plants. 

Optionally, urine can also be dried to become urea which can be directly worked 

into the soil (Green & Ho, 2005). In a separation toilet, faeces are in fact mostly 

dealt with in a manner equal to a composting toilet: it is stored appropriately to 

turn into compost. 

Both Sustainer Homes and Tiny TIM have installed a Separett/Ecosave dry 

separation toilet. This means that urine and faeces are immediately separated and 

“flushed” away without water. After consulting the company, we were advised to 

use the same or a similar model in a vacation home. The Villa 9010 is a dry 

separation toilet suitable for 4-6 persons to use the toilet during the day. A 

container is hidden within the toilet to collect faeces and toilet paper. Urine can 

either be treated as grey water together with other waste water streams, or 

collected separately. A ventilator which keeps the toilet smell and moist free 

requires a small energy input of 0.045 kWh/24 hours (Ecosave, s.a.). The faeces 

container would need to be removed from the toilet every two to three months and 

set outside to let wind and weather take its course. After roughly five months, 40% 
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Figure 13: Features of Blue Diverson AUTARKY Toilet. 
Retrieved from:  
http://www.eawag.ch/en/research/humanwelfare/w
aste water/projekte/autarky/ 

of the residue will be decomposed and after additional five months, 90% will have 

turned into compost. In the Netherlands however, human waste has to decompose 

for at least one year before it may legally be used as soil fertiliser. The Villa 9020 

works precisely like the Villa 9010, apart from the adjustment for a vacation home. 

A 50 L faeces collection container is not placed within but beneath the toilet, i.e. in 

the basement. This reduces the frequency of replacing the container to only one to 

two times per year (Ecosave, s.a.). In the Living 

Lodge this might not be possible as the Lodge will 

probably not have a basement 

We came across another, even more innovative 

kind of separation toilet: The Blue Diversion 

AUTARKY. This toilet is a follow up of the Blue 

Diversion toilet which was originally designed for 

the “Reinvent the Toilet” Challenge funded by the 

Bill & Melinda Gates Foundation ("Blue Diversion,"). 

The Blue Diversion toilet has an integrated water 

treatment system and two separate storage 

compartments for urine and faeces. These 

compartments are emptied on a regular basis and 

must be treated off-site. The AUTARKY version 

aims to make on-site and off-grid treatment of all 

waste streams possible, and this for less than 5 

cents per user per day (Eawag, 2016). The 

research and experimental tests are in full swing, 

so a definite design and composition of the toilet cannot be presented yet. Also the 

exact energy demand in order to run the treatment processes remains undefined, 

as this heavily depends on the choice of technical solutions that will be incorporated 

into the toilet. The Blue Diversion AUTARKY runs on solar panels at the moment. 

More detailed information about the processes and progresses of the project can be 

followed via the website8. 

  

                                                           
8  http://www.eawag.ch/en/research/humanwelfare/waste water/projekte/autarky/ 

http://www.eawag.ch/en/research/humanwelfare/wastewater/projekte/autarky/
http://www.eawag.ch/en/research/humanwelfare/wastewater/projekte/autarky/
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Figure 14: Overview of a membrane filtration 
system. Retrieved from: 
http://www.meco.com/public/userfiles/photo
s/membrane_filtration/backwash.gif 

4.2.2 Composting toilet 

The composting toilet we investigated is the so called Clivus Multrum. Urine, toilet 

paper and faeces are all collected together in the “Multrum”, the composting 

container situated beneath the toilet. Even organic waste can be added to the 

composting process. In this container the waste is composted during a period of 3 

years. After the third year the first load of compost can be taken from the container 

and safely worked into soils. More information can be found on the Clivus Multrum 

website9.  

4.3 Filters 

We will discuss methods to filter the harvested rain water and the waste water 

produced in the Lodge. The methods we will discuss are membrane filtration, a 

method that uses a membrane to filter waste water, and Constructed Wetland 

filtration, a method using soil and plants to filter organic matter from waste water. 

 Membrane filtration 4.3.1

Membrane filtration is a technology to remove 

particles and organisms from water by 

transporting the water through a membrane. 

Ultrafiltration (UF), nanofiltration (NF) and reverse 

osmosis (RO) are pressure-driven membrane 

filtration methods (Hilal, Al-Zoubi, Darwish, 

Mohamma, & Abu Arabi, 2004).  

Membrane filtration systems are most of the time 

modular systems. Different systems have different 

flowtimes, some smaller systems are capable of 

cleaning up to 830 L/h (Evoqua, s.a.). RO is not 

applicable for use in the Living Lodge since it has a 

high percentage of loss, around 50%. Another 

downside of RO is the high energy demand and 

the fact that it removes a lot of minerals from the water. These minerals are 

necessary for potable water (Kozisek, s.a.). 

 

The main difference between UF and NF is that NF has a smaller pore size and thus 

removes smaller particles from the water. UF is capable of removing micro particles 

and macromolecules, including inorganic particles, some microorganisms and 

dissolved organic matter. In addition to those compounds, NF is also capable of 

removing most of the microorganisms, turbidity, hardness and some salts (Kasim, 

                                                           
9  http://www.clivusmultrum.nl/ 
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Mohammad, & Abdullah, 2016). It is preferred to use a NF system over an UF 

system since NF systems remove most, if not all of the viruses and bacteria. UF 

systems will probably let some bacteria and viruses past (Kochmembrane, s.a.) . 

Although NF removes most viruses and bacteria, it is recommended to have a post 

treatment method for disinfection. As a disinfection method UV-disinfection with an 

UV light is recommended as most other methods require the use of chemicals such 

as chlorine (Evoqua, s.a.). UV disinfection by sunlight is not usable in the 

Netherlands as the solar irradiance is too low to have an effect according to Miriam 

van Eekert. Because solar irradiance is too low a UV Lamp has to be used for UV 

filtration. 

A downside of using membrane filtration methods is that they do need a chemical 

cleaning by an operator every few weeks to months to remove membrane fouling 

(Evoqua, s.a.). An advantage for using membrane filtration systems is that they are 

modular, meaning that they are easy to scale up or down.  

 Constructed wetland 4.3.2

A constructed wetland (CW) makes use of natural functions of plants and soils to 

treat waste water streams. Its most important components are vegetation and a 

filter bed. The roots of the plants provide a surface on which microorganisms can 

grow. These microorganisms can break 

down organic materials. Besides, 

vegetation can take up particles such as 

heavy metals (Cheng, Grosse, 

Karrenbrock, & Thoennessen, 2002). 

Plant species used frequently in CWs are 

typhas and phragmites. Examples of 

these are cattails and common reed. 

Indigenous plants (plants already 

existing in the area) are often used to 

prevent invasion (Wikipedia, 2016a). 

Phragmites are indigenous in the 

Biesbosch (Laan et al., 2016) and could 

therefore be used in our configurations for the Living Lodge. 

The bottom of CWs is covered with an impermeable layer to prevent the water from 

leaching to the surrounding soil, this layer can be made of clay or concrete. On top 

of this layer a permeable layer is placed. This can be gravel, sand or a mixture of 

several media. This layer provides a place for the plants to anchor themselves 

(Wikipedia, 2016a), it also provides a surface for microbial growth. Furthermore, it 

supports the adsorption and filtration process (Hoffmann, 2011). There are two 

main types of CWs: a free water surface flow and a subsurface flow.  

Figure 15: Vertical flow constructed wetland, Retrieved from: 
http://www.sswm.info/category/implementation-
tools/waste water-treatment/hardware/semi-centralised-
waste water-treatments/v 
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For free water surface flow, the wetland is flooded. Due to several processes 

pathogens are killed. For this type of CW, hyacinths are mostly used as vegetation. 

A disadvantage of free water surface flow is the attraction of mosquitoes and 

growth of algae. It also requires a large area and can be malodorous (Wikipedia, 

2016a).  

Subsurface flow CWs can be both horizontal and vertical. In horizontal subsurface 

flow CWs, waste water flows horizontally through the permeable layer. For vertical 

subsurface flow wetlands however, waste water is pumped on top of the wetland, 

causing the water to flow vertically. A green wall is an example of a vertically flow 

CW. Figure 15 shows us a picture of a vertical CW. 

As can be seen in Table 14, vertical subsurface flow wetlands require less space 

than horizontals (KilianWater, 2016). 

  

Before water can flow through a subsurface CW, it first needs to pass primary 

treatment to remove solids and to lower the organic load. Otherwise, the CW could 

become clogged by the solids. This is especially important in vertical systems since 

they have a higher chance to clog compared to horizontal systems. The load of 

solids should not exceed 5 g/m2 per day for vertical CWs. Common pre-treatment 

technologies are removal with sand and grit; grease traps; compost filters; and 

septic, baffled or Imhoff tanks. Of these, grease traps and compost filters are used 

for small scale-systems and therefore could be good pre-treatment methods for our 

configurations for the Living Lodge (Hoffmann, 2011). 

To clean domestic waste water in such a way that it can be reused, tertiary 

treatment might be necessary. The effluent of domestic waste water from a CW 

could be slightly yellow or brown, as a result of the humic acids coming from the 

biodegradable fraction of organic matter (Hoffmann, 2011). These humic acids can 

be removed by advanced technologies, but, as the term suggests, this can be 

expensive. As is shown in Table 15, vertical flow subsurface CWs remove more of 

the materials present in the influent compared to horizontal flow subsurface CWs, 

which is another advantage of vertical flow CWs (Hoffmann, 2011).  

Table 14: Area requirement for subsurface flow CWs in different 
climate conditions for domestic waste water (after pre-treatment) 
(Hoffmann, 2011). 
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Vertical flow CWs thus seem to have advantage over horizontal flow CWs. However, 

for vertical flow a pump is required to intermittently pump the waste water to the 

surface of the CW, using energy. They are also more complex to design and build 

than horizontal flow CWs. The influent should be loaded in short-term intervals (4 

to 12 intervals a day). In between these intervals resting periods should be present 

to let the water percolate to the bottom of the CW. (Hoffmann, 2011)  

There are a few limits to CWs, such as the maximum loading of organic matter and 

the maximum hydraulic loading. The maximum loading of organic matter is 4-10 g 

BOD/m2 per day for horizontal systems and 20 g COD/m2 per day for vertical 

systems. These data are both for cold climates. The maximum hydraulic loading10 

for horizontal systems is 60-80 mm/d for grey water and 40 mm/d for domestic 

waste water (including black water). For vertical systems this is 100-120 mm/d 

(Hoffmann, 2011).  

In general, CWs are robust and therefore need little maintenance. This is an 

advantage compared to high rate aerobic treatment processes as activated sludge 

plants. There are CWs that are in operation for 20 years and still work well. Another 

advantage in comparison to high rate aerobic treatment processes is the absence of 

production of secondary sludge (Hoffmann, 2011).  

 

  

                                                           
10

 Hydraulic loading: how much water can be processed 

Table 15: Removal ratios (in %) of HFBs and VFBs (subsurface flow CWs) for grey 
water treatment. The values are similar for domestic waste water treatment 
(Hoffmann, 2011). 
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4.4 Discussion 

During the course of our research we came across numerous different solutions for 

water collection, water storage and waste water treatment. We will briefly recap the 

methods most suitable for the Living Lodge before we discuss other technologies 

that we discarded from our configurations. 

One of the few methods to supply a reasonable amount of water is rainwater 

harvesting. It is advisable for the Living Lodge because it is an easy solution and 

has a low direct impact on the environment. A second water collection method 

comes with more than one benefit: a Blue Green Roof. This is a water collection and 

water storage technology. Blue Green roofs can furthermore enhance biodiversity, 

which fits into the concept of the Living Lodge. When it comes to waste water 

treatment, membrane filtration seemed the most straightforward choice for their 

simplicity and high quality output. Filtration systems are capable of treating large 

quantities of water and are often modular and unproblematic to scale up or down. 

This makes them easily adjustable to the demands of the Living Lodge. The final 

and perhaps most attractive technology we deemed most applicable to the living 

Lodge is a constructed wetland filter. Waste water treatment is made possible by 

plants, of which species indigenous to the Biesbosch can be incorporated into the 

system. 

Residential grey water can also be treated anaerobically (Kujawa-Roeleveld & 

Zeeman, 2006), that means via micro-organisms digesting waste solids without the 

presence of oxygen.  An example of such a system is an upflow anaerobic sludge 

blanket reactor (UASB). According to Miriam van Eekert, a UASB reactor is not the 

most ideal for the Living Lodge, due to several factors. The septic tank in which the 

waste water is treated, is usually dug into the ground. Furthermore, such a tank 

poses a high environmental risk should it ever leak or become damaged. Biological 

treatment processes also often require maintenance and monitoring. Yet perhaps 

most important is the fact that biological processes require a constant incoming 

flow of waste water, which cannot be guaranteed in a vacation Lodge. These 

reasons also lead us to exclude chemical-biological flocculation combined with a 

microalgae biofilm (Zamalloa, Boon, & Verstraete, 2013), which seemed like an 

innovative option at first.  

It appeared appropriate to move away from biological options and look at physical 

or chemical alternatives. In this category we also came across several unsuitable 

applications. Slanted soil treatment systems are cheap waste water treatment 

systems that have a life span of three years without maintenance (Itayama et al., 

2006). These systems are however, not useful for the Living Lodge as they will only 

bring grey water up to the quality required for discharge into the environment. 

Another down side is that these systems do not remove any detergents. Other 



Page | 54  
 

treatment options that sounded simple, yet also turned out to come with 

disadvantages for the Living Lodge are sand or peat filters. Just like soil filtration, 

sand and peat are unlikely to be able to remove organics and pathogens. Water 

that is sent through such filters needs to have undergone pre-treatment first by 

septic tanks for example (Green & Ho, 2005). 

We came across one last innovation that we considered a promising technology: a 

humid air solar collector system that stores heat and produces water at the same 

time. The company that has invented this technology, Watergy, had set up a pilot 

version in Berlin a couple of years ago (Zaragoza, Buchholz, Jochum, & Pérez-Parra, 

2007). The humid air solar collector comes attached to a greenhouse. The system 

cannot be used for space cooling and heating only, but also for recycling of low 

quality water to produce distilled water. Unfortunately, we could not gather more 

detailed information via mail contact, so we decided to leave this technology out of 

our configurations.  
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5 Existing Configurations  

The Living Lodge is not the first accommodation to go off-grid sustainably. There 

are already self-sufficient houses all over the world. We looked at some of these to 

see what configurations of technologies are used to make self-sufficiency possible. 

First, we give general building information, then we discuss existing configurations, 

give an overview in a table and provide a discussion. 

5.1 General configuration building information 

There are a lot of websites giving plans and tips to build a self-sufficient house. 

According to Milieucentraal, most energy self-sufficient houses have a very good 

insulation to prevent heat from leaching out. Solar energy is used to heat water 

with a solar collector and to produce electricity with PV panels. Also some 

equipment is required to keep track of your production and consumption of 

electricity (Milieucentraal, s.a.). Nulwoning also gives some general tips to make a 

house energy self-sufficient. The energy demand should be lowered by insulation 

and the required energy should be supplied by renewable resources (Nulwoning, 

s.a.).  

 

5.2 Self-sufficient solar house (SSSH), Freiburg, Germany 

This self-sufficient solar house is located in Germany and is occupied by a family. 

This house is only self-sufficient in its energy demand. For its water demand it is 

dependent on the grid.  

For its energy supply it makes use of photo-voltaic (PV) panels. Short term storage 

is facilitated by lead-acid batteries that can store 20 kWh (Voss et al., 1996).  Long 

Figure 16: SSSH. Retrieved from: http://lib.znate.ru/docs/index-36506.html?page=9 
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term storage is based on hydrogen, with which 1500 kWh can be stored. The 

hydrogen is used for cooking or reconverted into electricity (Stahl, Voss, & 

Goetzberger, 1994). With the fuel cell, used for this reconversion, 45% of the 

energy input can be converted to electricity. The rest of the energy input is 

converted to heat and about 50% of this can be 

used to heat water.   

Due to good insulation almost no space heating is 

necessary. When needed, heat is provided by 

combusting hydrogen. There is no information on 

the type of insulation.  

Water is heated with a bificially illuminated flat-

plate collector (Voss et al., 1996). This collector is 

covered on both sides with transparent insulation 

and is also radiated at both sides. Therefore the 

back of the solar panel is contributing to the gains 

instead of just losing energy as is the case with 

normal solar panels (Goetzberger, Dengler, 

Rommel, Göttsche, & Wittwer, 1992). Waste heat 

of the hydrogen fuel cell provides back-up for 

water heating (Voss et al., 1996). 

A schematic drawing of the configuration is shown 

in Figure 17. 

 

 

 

 

 

 

5.3 Coorabell residence, Byron Bay, Australia 

This house in Byron Bay, Australia is completely self-sufficient. For its energy 

supply it makes use of an 8 kW solar power system and back-up batteries. It is 

unclear whether these batteries are filled with self-generated energy. 

Figure 17: Schematic diagram of the energy supply 
system, components and parameters of the SSSH. 1: 
Windows, 2: TI wall, 3: PV generator (4.2 kW), 4: 
thermal collector (14 m2), 5: control and data 
acquisition, 6: battery (20 kWh), 7: inverter (3 kW), 8: 
electrolyser (2kW), 9: fuel cell (1 kW), 10:H2 and O 2 
storage tanks (15/7.5 m 3), 11: heat exchanger, 12: 
water storage tank (1 m3), 13: mains water, 14: 
ventilation heat recovery, 15: air heater, 16: 
subterranean heat exchanger, 17: ambient air, 18: 
exhaust air, 19: return air (Voss et al., 1996). 
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The house has multi-layer insulation, the living areas are north-faced and there are 

overhangs and shutters at the house. Due to these measures almost no cooling is 

needed.  

Water is supplied from rainwater collection. To treat the black and grey waste water 

an on-site treatment is used (Bharat, 2014; Martty, 2015; Off-grid, 2014). What 

kind of systems are used for this has not become clear. 

5.4 Minim House, Washington DC, United States 

 

Figure 19: The Minim House. Retrieved from: http://minimhomes.com/photos/ 

  

Figure 18: Coorabell residence. Retrieved from: http://www.zaherarchitects.com.au/press/ 
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This small house in Washington DC, designed by Foundry Architects and Brian Levy, 

is made off-grid while costs were kept low (MicroShowcase, 2015a). The house is 

approximately 20 m2 and contains compact and transformable furniture (Williams, 

2013).  

Energy is supplied by making use of 945 W (MicroShowcase, 2015b) or 960W solar 

panels with an integrated battery storage system(Williams, 2013). For heating, 

ceramic wall panel heaters are used, requiring 400 W per panel. In addition, 

propane is used for a Dickinson propane heater, which is like a fire place that runs 

on gas and a little energy for a fan that pulls air inside. To keep temperature more 

constant, walls are made of highly insulated SIPs (Structural Insulated Panels) 

(Eve, 2013). 

Rainwater is used for water supply. It is caught on the roofs and led through a 

gutter system to a cistern of about 950 litre. The rainwater is treated with a 

ceramic Doulton RIF-10 filter, together with a sediment pre-filter. In the house 

itself potable water is stored in a 150 litre tank (MicroShowcase, s.a.). 

Greywater goes to a greywater tank, but it has remained unknown to us what 

happens with it (MinimHomes, 2013). There is no black water tank, because an 

Incinolet incinerator toilet is used. Electrical heat is used to reduce human waste 

into ash. A disadvantage is that it has to be emptied at least once per week. How or 

where the ash is disposed remains unclear. Further, it requires 1-2 kW per use 

(MicroShowcase, 2016).  

5.5 Hous.E+, Vancouver, Canada 

 
Figure 20: Hous.E+. Retrieved from: http://polifactory.com/blog/project-house/ 
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Hous.E+ is located in Vancouver. It is built with rammed earth walls, for which 

earth is excavated on site. These walls contribute to passive heating. A water layer 

surrounds the house and is used for energy production, water storage and 

aquaculture, as will be explained below. 

Energy is produced by PV panels and by micro hydrotubines. These micro 

hydroturbines are located in the walls. Gravity causes water from the water layer to 

flow through pipes past these turbines, resulting in energy production. This can 

provide up to 100 kW. Energy is stored, but it is not clear in what kind of way. 

When this stored amount is too high, the surplus is fed back to the grid. The grid is 

only used for excess energy, since the house can provide its own energy. 

Because the house is built 2.5 m below surface the earth can be used to cool and 

heat the house. A heat pump is used to force heat transfer. 

The water layer collects water from rain and from the streets of Vancouver to 

prevent flooding of the drainage system of the city. In this water layer aquaculture 

is executed11. By producing food close to the house the transport emissions are low. 

The animals living in aquaculture produce nutrients and organic waste. This water 

filled with nutrients and aquaculture is filtered by plants used in hydroponics (plants 

grown in water) and led back to the organisms. 

It is not clear if this filtered water is clean enough to be consumed by people living 

in the house. It is also unclear how the waste water of people living in this house is 

treated and if it is led to this water layer and filtered in the same way (Meinhold, 

2012; Polifactory, 2014). A schematic drawing of the energy generation is shown in 

Figure 21. 

                                                           
11

 Aquaculture is the raising of aquatic animals for consumption 
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5.6 Sustainer Homes 

The Sustainer Home consists of wooden modules of 9 m2 per piece. By building the 

Sustainer Home with these pieces, the shape of the Sustainer Home is flexible. It is 

Figure 22: Sustainer Homes. Retrieved from: http://sustainableurbandelta.com/sustainer-homes/?lang=nl 

Figure 21: Schematic drawing of House.E+ (Polifactory, 2014) 
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fully useable as a normal house, and completely energy and water self-sufficient. 

The Sustainer Home we have examined is suitable for 3-4 persons to live in, with a 

surface area of 45 m2. The average energy production has proven to be 3000 kWh 

per year, based on meteorological data from the past 20 years in the Netherlands. 

The use of energy is on average 2700 kWh per year (SustainerHomes, 2016a). This 

information is also obtained from a PowerPoint about Sustainer Homes sent to us 

by e-mail.  

For the energy generation, Solar Clarity full black solar panels of at least 2 kWp are 

placed on the roof. When the solar panels produce more energy than needed at a 

certain time, this excess energy is stored by a set of lithium-ion batteries. When the 

solar panels cannot produce energy (e.g. during the night), the batteries provide 

the energy that is needed. For heating, an air-to-air heat pump is used. It uses 

electricity, but the energy consumption is far less significant when compared to a 

regular central heating boiler. It collects warmth from the ambient air and deposits 

it inside the Lodge via a ventilation system (Thole, 2015). The insulation is high 

with a thermal resistance value of 6 m2 K/W mainly due to the implementation of 

recycled glass wool and triple glazing (SustainerHomes, 2016a). The insulation of 

the house proves ample in combination with the high efficiency solar panels. With 

this, enough energy can be provided during the winter season to keep the system 

running, which generally requires more energy for heating and yields lower energy 

outputs from the solar panels compared to the summer season (Thole, 2015).  

The Sustainer Home is dependent on rainwater for its supply of water, but it is 

optional to use groundwater in addition to it. It is stored in large tanks and filtered 

by an ultra-filtration system before being used as drinking water. Grey water is 

filtered by either a constructed wetland or an Individual Treatment Waste water 

(ITW) filter, after which it can be discharged in the ground (SustainerHomes, 

2016b). Water from the shower can be recycled multiple times, which decreases 

the amount of water required from the rain harvesting (SustainerHomes, 2016a). 

Black water is not produced because a separation composting toilet is used, which 

does not require water to flush. Faeces is stored and discharged once every few 

months. This information is retrieved from an expert of Sustainer Homes, P. de 

Baat. In Figure 23, an overview of the Sustainer Home is given.  
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5.7 Tiny TIM 

TIM is short for Timber Independent and Mobile. As timber already implies this 

house is made of wood. They made use of a Japanese technique where they burn 

the wood covering the outside 

walls of the house . By doing 

this the wood is protected 

against fire, rot and insects 

(ShouSugiBan, s.a.). Due to 

this technique it is not 

necessary to paint the wood 

(TinyTIM, s.a.-a).  Independent 

indicates the building is 

autarkic, more information on 

this is described below. Mobile 

indicates it can be transported, 

this can easily be done with a 

normal BE driver license 

(TinyTIM, s.a.-a). A photo of 

Tiny TIM is shown in Figure 24. 

For its energy supply Tiny TIM 

makes use of two wind turbines, a savonius wind turbine to be used at high wind 

speeds and a regular wind turbine for electricity generating at low wind speeds. It 

also uses 14 panels from Triple Solar for electricity, water heating and heating of 

the Lodge. To store electricity a lithium-ion battery of 6,8 kWh is used. Heat is 

Figure 23: Schematic drawing of the Sustainer Home. Retrieved from: http://sustainerhomes.nl/  

Figure 24: Tiny Tim. Retrieved from: 
http://www.hetkanwel.net/2016/04/26/autarkisch-wonen-in-de-tiny-tim/ 
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stored in a buffer tank of 500 litre with a heat pump. The house is heated with a 

heating element in the carpet where warm water from the buffer tank flows 

through. Tiny TIM is insulated with SPI panels, just as the minim house. Water is 

collected on the roof and is led through a green wall of 6 m2. This green wall 

consists of several batches of planters with reed which act like a constructed 

wetland. After several cyclises this water is stored in a water tank of 3000 litre. 

Urine and water from the shower and kitchen will also be led through this green 

wall. To do this the water and urine need to be pumped to the top of the green wall 

which costs electricity. Urine and faeces will be separated with a Separett/Ecosave 

dry separation toilet. The faeces will be dried and processed as organic waste. To 

shower, water from the water tank is mixed with water from the buffer tank 

(TinyTIM, s.a.-a, s.a.-c). 

As an additional feature in the bathroom a moss wall is added. This reduces the 

moisture level in the bathroom (H.P. Föllmi, 2016). 

5.8 The Porter Cottage, Maine, United States 

This cottage of 51 m2 (TinyHouseDesign, 2010) is built on an island close to Maine 

by Bruce and his daughter Alex Porter. Four solar panels, facing south, are used to 

make this building off-grid. Each produces 100 W (Hansman, 2014) of electricity, 

that is stored in large-capacity batteries (Solaripedia, 2011). The water heater and 

kitchen range make use of propane (TinyHouseDesign, 2010) and for heating a 

small wood stove is present (TinyHouseForUs, 2015). Furthermore, passive solar 

heating and cooling is used (Jaime Derringer, 2011). It has not become clear what 

Figure 25: The Porter Cottage. Retrieved from: http://www.dwell.com/green/article/green-
cottage-getaway-maine 
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measures are taken to obtain this. Information on insulation has not been found, 

but we expect there is no special insulation since it is said the house should not be 

used during harsh winters (TinyHouseForUs, 2015). 

Water is collected by rainwater catchment. It is lead to a 2000 litre rainwater tank  

(Shtargot, s.a.). Water is taken out from the centre, to avoid sediment from the 

surface and bottom of the tank to infiltrate the drinking water (Bravo, 2010). It is 

filtered with a gravity-fed filter (Hansman, 2014). 

The Sun-Mar (Michler, 2014) composting toilet does not use water (Solaripedia, 

2011), so there is no black water treatment necessary. Grey water is taken into an 

unknown grey water treatment system (J. Derringer, 2011). 

5.9 Heliohouse, Taos, United States 

This accommodation near Taos is meant for nightly rental and is a version of an 

‘Earthship’, designed by Michael Reynolds. It is about 121 m2 (HomeAway, s.a.). 

The information on energy generation is contradictory. On the website of the 

Heliohouse itself is said there are 120W solar panels providing the house with 

energy, which is stored in “golf-cart” batteries (HelioHouse, s.a.-a). Another source 

mentions eight 150 Watt solar panels and a 600 Watt Ampair wind generator, with 

an average generation of 6 kW per day (Ampair, s.a.).  

Rammed earth mass walls cause passive heating by storing radiant energy and 

solar gain and releasing this energy when temperature drops. For cooling, there is 

natural ventilation.  

The accommodation is insulated with batt and urethane (respectively blanket and 

foam (DepartmentOfEnergy, s.a.)) and is double paned. Additionally, the south side 

Figure 26: The Heliohouse. Retrieved from: http://heliohouse.com/photos.htm 
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of the accommodation is glazed, admitting daylight. This way, no lighting is 

required during the day (HelioHouse, s.a.-b).  

Water supply is secured with a gutter system for rainwater and snow catchment. 

The gutter system leads to a funnel, where coarse waste is filtered out. The water 

goes to two cisterns with both a storage capacity of 19,000 litre. The cisterns are 

placed underground to maintain a stable temperature and to reduce the growth of 

algae (HelioHouse, s.a.-b). 

To treat the rainwater, four different filters are used, of which one is for drinking 

water. Grey waste water is going through a large debris filter and then runs 

through pumice that hosts a certain type of bacteria that attacks other bacteria in 

the waste water. The pumice is placed in a planter, because plants help clean the 

water by oxygenation. The resulting water can be used for plant watering and toilet 

flushing. Black water is lead to a solar septic tank, which accelerates the anaerobic 

process by heating it. Resulting liquid waste then is lead through layers of gravel, 

pumice, soil and roots to become clean (HelioHouse, s.a.-b). It is unknown to what 

extent the pollutants are removed.  

In Figure 27, a schematic drawing of an Earthship is shown. It closely resembles 

the Heliohouse, except for a few aspects e.g. the drawing contains a wind 

generator, that according to website of the Heliohouse is not present in the 

configuration. 

 

Figure 27: Example of a self-sufficient house. Retrieved from: http://www.cheapusland.com/wp-
content/uploads/2014/06/earthship2-625x377.jpg  

http://www.cheapusland.com/wp-content/uploads/2014/06/earthship2-625x377.jpg
http://www.cheapusland.com/wp-content/uploads/2014/06/earthship2-625x377.jpg
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5.10 Discussion 

In Table 16, an overview of the examined configurations is shown. Information on 

average sun hours per year and average rainfall in mm per year is added per 

configuration.  
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Table 16: Overview of Existing Configurations 
 SSSH, Freiburg, 

(Germany) 
Coorabell 
residence, 
Byron Bay 
(Australia) 

Minim House, 
Washington DC 
(United States) 

Hous.E+, 
Vancouver 
(Canada) 

SustainerHomes 
(Nederland) 

Tiny TIM 
(Nederland) 

The Porter 
Cottage, Maine 
(United States) 

The Heliohouse, 
Taos (United 
States) 

Energy supply 
and storage 

Solar panels. 
Short-term 

storage in lead-
acid batteries. 
Long-term 
storage as 
hydrogen 

8 kW solar 
system 

Storage in 
batteries 

945W or 960W 
solar panels, 

battery storage 
system, propane 

Solar panels and 
microhydro-

turbines in water 
pipes in walls 
Storage  
unknown. 

Solar panels of 
least 2 kWp, can 

provide 3000 
kWh, at  
Storage: Lithium-
ion Batteries 

Triple Solar 
panels, savonius 

wind turbine, 
regular wind 
turbine. 
Storage: lithium-
ion batteries 

400W solar 
panels (12V DC), 

large-capacity 
batteries, propane 

120W or 150W 
solar panels, 

“golf-cart” 
batteries, possibly 
also a 600W wind 
generator 

Heating and 
cooling 

Combustion of the 
stored hydrogen 

Almost none 
required 

Dickinson 
propane heater 
47W, ceramic wall 
heater 400W 

Heat pump to 
accelerate heat 
exchange with 
surrounding earth 

Heat pump Heat pump, Triple 
Solar panels, 
heating element 
in carpet. 

Small wood stove, 
passive solar 
heating and 
cooling 

Passive heating 
and cooling using 
mass walls and 
natural ventilation 

Water supply 
and storage 

n.a. Rainwater 
collection, 
unknown how 

Gutter system, 
950 litre cistern, 
150 litre tank 

n.a., possibly rain 
water collection in 
water layer 

Rainwater 
collection 

Rain water 
collection 

Rainwater 
collection, cistern 
of 2000 litre 

Rainwater 
collection, funnel 
with coarse waste 
filter, two 19,000 
litre cisterns   

Rainwater 
treatment 

n.a. Unknown Ceramic Doulton 
RIF-10 filter with 
additional 
sediment pre-
filter 

n.a., possibly 
through 
hydroponics 
(plants) 

Ultra-filtration 
system 

Green wall 
(constructed 
wetland) 

Roofwasher, 
water taken out 
of the centre of 
the cistern, 
gravity-fed filter 

Four filters, 24V 
pump and 
pressure gauge 

Insulation Good, unknown 
what type 

Multi-layered, SIPs Earth walls. Glass wool, triple 
glazing 

SIPs Unknown/no 
insulation 

Batt and 
urethane, double 
and triple glass 

Waste water 
treatment 

n.a.  On site, but 
unknown which 
techniques.  

Incinolet 
incinerator toilet 
1-2kW per use 

Unknown Plant filter or ITW 
filter 
 
Separation toilet 

Green wall 
(constructed 
wetland) 

Sun-Mar 
composting toilet 

Grey: Large 
debris filter, 
pumice, plants 
and bacteria 
Black: solar septic 
tank 

Additional 
information 

Water heating 
with a bificially 
illuminated flat-
plate collector. 
Back-up with 
hydrogen 

Very luxurious. 
North-faced, 
overhang and 
shutters 

Led lighting Food is produced 
by aquaculture 
and hydroponics 
in water layer. 
Located 2.5 m. 
below surface 

n.a. Moss wall Sunfrost 
refrigerator 
(super-efficient) 

South side is 
glazed, no 
lighting during 
daytime 

Sun hours 
(average per 
year) 

1740  
(CurrentResults, 
2016g) 

About 2700 
(WorldWeather&C
limateInformation

, 2016) 

2528 
(CurrentResults, 
2016e) 

1938 
(CurrentResults, 
2016f) 

1 602 (CBS, 
2016) 

1 602 (CBS, 
2016) 

2513 
(CurrentResults, 
2016a) 

n.a.  

Rainfall in mm 
(average per 
year) 

887 mm 
(ClimateData, 
s.a.) 

1510.7 
(WeatherZone, 
2016) 
1737.0 
(AustralianGovern
ment-
BureauofMeteorol
ogy, 2012) 

1009 
(CurrentResults, 
2016b) 

1457 
(CurrentResults, 
2016c) 

887  
(CBS, 2016) 

887  
(CBS, 2016) 

1200 
(CurrentResults, 
2016d) 

313 (U.S.-
ClimateData, 
2016) 
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The investigated configurations use a lot of the same technologies. All of them 

use solar panels and most of them have batteries for storage. Furthermore, 

rainwater seemingly fulfils the water demand for these houses, since no other 

technologies for water supply are said to be used in these configurations.  

It is possible the configurations may not work as sufficiently in the Netherlands 

as they do at their original place, because these self-sufficient houses are located 

all over the world, having different climate conditions. If the configurations are 

from places with more sun hours or more rainfall, they need less producing and 

storage equipment than an accommodation in the Netherlands will need. Thus, it 

is easier to find a suitable configuration for the Biesbosch when looking at 

configurations at places with similar environmental conditions.  

As can be seen in Table 16, sun hours and rainfall differ a lot per configuration. 

In the Netherlands are the least sun hours. Rainfall is only lower in Taos, where 

the Heliohouse is located, than in the Netherlands. It is expected they solved 

their water problem by choosing for a large roof surface and large tanks, so more 

can be harvested and stored.  The self-sufficient solar house in Freiburg, is a 

configuration that could also work for the Living Lodge, since it is relatively close 

to the place the Lodge will be built and both places have a moderate climate 

(ClimateData, s.a.; Klimaatinfo, s.a.). The rainfall is the same and the sun hours 

only slightly more. Unfortunately, this house is only energy self-sufficient, so we 

should look at other water technologies (possibly from other configurations) to 

implement in our configuration for the Living Lodge.  

From these configurations, we think the combination of solar panels, batteries 

and hydrogen storage as is used in the SSSH is very useful. Also the rammed 

earth walls of Hous.E+ and the Heliohouse could be used for passive heating. 

Sustainer Homes makes use of heat pumps, that can be used to lower energy 

demand for heating, and a separation composting toilet to reduce the water 

demand. Furthermore, almost all configurations use rainwater for water supply, 

as we will do. Using only rainwater for water supply is however not sufficient for 

small houses in the Netherlands (see section 4.1.1), therefore we have to divert 

from the existing configurations at this part and implement other technologies to 

supply enough water. 

With these configurations and previous technologies in mind, we will additionally 

look into technologies that make use of the specific features of the Biesbosch, to 

be able to make adequate configurations for the Living Lodge.  
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6 Biesbosch specific technologies 

In this section we analysed the conditions of the Biesbosch. Knowing specific 

characteristics, we can look for technologies that can make use of these specific 

characteristics and help make the Lodge self-sufficient. The characteristics we 

will investigate are tides; salt concentration difference; the presence of 

methanogenic bacteria; and the plant species present in the area. 

According to Han Sluiter, who works at Staatsbosbeheer, the Biesbosch is a tidal 

freshwater wetland (TFW). A TFW is located between an oligohaline region12 

downstream and a non-tidal river upstream. (Barendregt & Swarth, 2013)  The 

non-tidal rivers supply the TFW with fresh water. In the oligohaline region (where 

fresh and salt water come together) tides are present. Due to these tides, salt 

water flows into the river. Therefore, a tidal freshwater section is created 

between the brackish section in the oligohaline region and the upstream limit of 

the tidal wave.  

6.1 Tides 

In the Sliedrecht’s part of the Biesbosch the difference between tides is 60 to 80 

cm (Drimmelen, 2016). In the Brabant and Dordrecht part of the Biesbosch the 

difference is approximately 30 cm (Drimmelen, 2016). 

One possibility to generate electricity from this tidal difference, is to use the 

difference in water height. By collecting water in a tank at high tide and releasing 

it at low tide, there is potential energy which can be used to generate electricity, 

by letting the water spin a dynamo. Because the Lodge will be on the east side of 

the Biesbosch where the difference between tides is 30 cm, we take this value 

for the calculation. Potential energy can be calculated with the formula: 𝐸 = 𝑚 ∗

𝑔 ∗ ℎ (thePhysicsClassroom, s.a.). The potential energy that is present per litre 

water is approximately: 𝐸 = 𝑚 ∗ 𝑔 ∗ ℎ so 1 ∗ 9.81 ∗ 0.30 = 2,9 𝐽. 13 Every 12 hours and 

25 minutes, low tide and high tide both take place.  Yearly this sums up to 705.5 

times high and low water. So per year a total of 2.9 x 705.5 = 1411 J / L. With 

an conversion efficiency of 71% from potential energy to kinetic energy (Müller, 

2013) the amount of energy that is transferred is 1002 J / L. So this is the 

energy that can be used. How big the tank can be hard to tell, but it is easier to 

use m3 instead of litres. This gives a total of 1.002 MJ per year that can be 

generated per cubic meter water. This equals 0.28 kWh / year / m3 water.  

6.2 Salt concentration difference 

When the difference in salt concentration between two separate water streams is 

above a certain level it is possible to use this difference to generate electricity. 

This level depends on the used technology (REDstack, 2016b) and composition of 

the water (Post, Hamelers, & Buisman, 2009). We do not have data on this 

                                                           
12

 Oligohaline region: salt concentration 0.5 to 5.0 parts per thousand. (Wiktionary, 2014) 
13

 1 litre water weighs approximately 1 kg 
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technology and composition for the water in the Biesbosch so we are not able to 

say something about this level in the Biesbosch. This way of generating 

electricity is called reverse electro dialysis, also known as blue energy. When the 

difference in salt concentration is larger, it is easier to generate electricity and 

the technique becomes more feasible. 

This technique is being investigated at the Afsluitdijk in the Netherlands. A 

company called REDstack is experimenting with this technology (REDstack, 

2016a) This location is very suitable, because the salt concentration in the fresh 

water of the IJsselmeer differs a lot from the salt concentration in the 

Waddenzee at the other side of the Afsluitdijk. The salt concentration does not 

differ that much in the Biesbosch, because it is a TFW, so it is unlikely this 

technique can be applied in the Biesbosch. We can however not be sure about 

this, because we do not have the needed level of difference as is mentioned 

before. Another problem is that you would need two separate water stream 

parallel to each other.  

6.3 Methanogenic 

In a TFW organic matter is mineralised by methanogenic bacteria (Barendregt & 

Swarth, 2013). During methanogenesis, methane (CH4) and carbon dioxide (CO2) 

are produced as a product of anaerobic mineralisation of organic matter 

(Wikipedia, 2016b). This is also the reaction that takes place during the 

production of biogas. Biogas consists of 55-65% CH4 and 35-45% CO2 (Ben, 

Kennes, & Veiga, 2013). This biogas produced by the methanogenic bacteria can 

be upgraded into fuel which can be used to generate electricity, warm the boiler 

or to cook on. However, the methanogenic bacteria that produce biogas are 

extremely sensitive to pH. So when making use of these bacteria the pH should 

be carefully controlled (Ben et al., 2013).  

It would be great if there is a way to collect the biogas produced in the wetlands 

by naturally existing methanogenic bacteria instead of losing these greenhouse 

gasses to the atmosphere. Methane is a very strong greenhouse gas, 21 times 

stronger than CO2 (PlanbureauVoorDeLeefomgeving, 2015).  

6.4 Plant-E 

A company called Plant-E is developing and researching the possibilities of 

generating electricity from living plants. The technique they created is safe for 

both the plant and the environment. P. de Jager, an employee of Plant-E, 

explained the technique to us. Plants produce organic matter via photosynthesis. 

The plant uses a part of this organic matter to grow. Another part of the organic 

matter is excreted into the soil. This is done by the roots. Micro-organisms in the 

soil use this organic matter to grow.  
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When converting this organic matter to energy, the micro-organism release 

electrons as a waste product. These electrons can be used to generate electricity. 

By providing an electrode close to the 

micro-organism, they can donate their 

electrons. This technique is called a 

‘Plant Microbial Fuel Cell’ or Plant-MFC. 

It is important to guarantee constant 

wet conditions for Plant-E, because the 

active bacteria otherwise have to 

compete with aerobic micro-

organisms. When the soil stays wet, 

the oxygen availability is drastically 

reduced providing optimal 

circumstances for anaerobic bacteria. 

Even in anaerobic conditions, the 

micro-organisms donating electrons 

still compete with methanogenic 

bacteria, as they also favour anaerobic 

circumstances. Plant-E is looking for 

ways to reduce the impact of this 

competition.  

For the Plant-MFC you need a cathode and an 

anode, so it only works when the plants are in a 

special box. Therefore, extracting energy from 

plants already standing in the Biesbosch is not 

really possible. A possibility is to place the plants 

on the green roof, here it is also easier to create 

the ideal circumstances for the bacteria. It is also 

possible to make green walls.  

In 2015 a new project was brought into practise, 

where pipes could be used with the cathode and 

the anode inside them. This way the plants no 

longer have to be in a separate box. This could be 

an advantage because the ground surrounding the 

roots is not separated from the surrounding 

ground. It is also not necessary to excavate the 

whole soil but it is possible to slid the pipe through 

a small hole. This project is still in its infancy which 

makes it difficult to indicate when it is advanced 

enough to be offered commercially.  

For this technique almost every plant that prefers 

wet conditions can be used. From the lists with 

Figure 28: Working of the Plant-MFC (R.Gowtham, 2015) 

71

Figure 29: The pipe of plant-E. Retrieved 
from: P. de Jager 
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species present and wanted in the Biesbosch made by the ACT- group (Laan et 

al., 2016) all the plants should be usable. Plant-E has already integrated some of 

the plants from those lists into their research with positive results.  

These plants are: 

- Ranunculus fluitans (Vlottende waterranonkel)     

- Ranunculus penicillatus (Penseelbladige waterranonkel)  

- Lythrum hyssopifolia (Kleine kattenstaart)   

- Euphorbia palustris (Moeraswolfsmelk)   

- Caltha palustris subsp. araneosa  (Spindotterbloem)  

- Mentha longifolia (Hertsmunt)   

- Cardamine amara (Bittere veldkers)   

- Schoenoplectus triqueter (Driekantige bies)   

One important thing to take into account is the amount of energy that is 

produced. At the moment the amount of energy that is generated is very low. 

The technique works, but it needs to be further developed to make it feasible. P. 

de Jager believes in 4 à 5 years the produced electricity can be 0.3 W/m2 plant 

surface. This relates to 2.6 kWh/(year*m2) when the system is working all year. 

An energy saving LED-lamp requires 4.3 W(Philips, 2016). So you would need 

14.3 m2 of plant surface to generate enough electricity to light one LED-lamp 

(when it is on the whole day).  

6.5 Discussion  

All the techniques that are discussed generate only a small amount of energy. 

How much energy this is, depends on the type and size. For tides this will be 

0.28 kWh per year per cubic meter water.  Every cubic meter water per year can 

thus contribute to the energy demand for 0.006%. The difference in salt 

concentration can probably not even be used in the Biesbosch. If there ever 

comes a technology   to collect methane from the natural ongoing 

methanogenesis in the Biesbosch, this could be used to produce biogas. 

However, this technology is currently not available so we cannot profit from the 

methanogenesis. Plant-e seems to be the most promising technique for the 

Living Lodge to make use of Biesbosch specific features. Plant-E can produce 2.6 

kWh/(year*m2). A square meter with plant-e can contribute to 0.05% of the 

energy demand.  

As can be seen in the percentages, the techniques cannot really contribute to the 

electricity supply. The living Lodge and its area can be used for testing the 

technologies and this way they can be further developed and at the same time 

be an attractive addition to the Lodge.  

  



Page | 73  
 

7 Configurations for the Living Lodge 

We have decided to develop three different configurations: the first is completely 

self-sufficient, without taking into account our space limits; the second is what 

we think is feasible with maximum space of 60 m2 and the third includes very 

innovative systems. The additional technologies mentioned before (e.g. home 

generator) can be implemented in all three configurations.  

As explained in the second chapter, water demand will be about 552 litre per day 

or 207,000 litre per year. Energy demand will be around 13.15 kWh per day (this 

is more variable depending on the season, but the variability is not taken into 

account), which equals 4800 kWh per year. This demand will actually be even 

higher, because of loss via storage. This is different for each configuration, as the 

amount of loss differs per technology implemented.  

Due to a lack of knowledge and expertise, we decided not to select appliances for 

heating and cooling. For this kind of choice, insulation information and volume of 

the accommodation are required, and a full understanding on how the different 

technologies can complement each other. This should be done by an expert. 

Electricity requirement for heat demand is incorporated in the energy demand for 

the configurations. 

7.1 Configuration Self-sufficiency 

To obtain complete self-sufficiency, we have to ignore the space limit. A 

schematic overview is shown in Figure 30. As mentioned before in Chapter 4 

Water technologies, a roof of 78 m2 is required to harvest enough rainwater to 

fulfil the water demand of 207,000 L during an average year, if the Lodge stays 

occupied throughout the year. A rainwater tank of 5.6 m3 could store water, 

when there is too little rainfall to meet the daily demand.  

Besides a rainwater tank, a greywater tank and a drinking water tank are 

required. Rainwater is led through a nanofilter and a UV-filter, which are able to 

process 20,000 litre per day. This water is stored in the drinking water tank. 

Used water is led to the greywater tank. Water flows from this tank to a vertical 

subsurface flow constructed wetland. The cleaned water ends up in the rainwater 

tank, so that it is filtered again and clean enough to be reused safely for 

drinking, showering et cetera. 

Furthermore, a separation composting toilet is chosen. Urine can be cleaned 

along with the greywater, while faeces become compost. After a year, this 

compost can be used as soil fertiliser.  

This configuration’s energy supply is realised with PVT (solar panels and a solar 

collector, see section 3.1.1). If sufficient supply throughout the year is desired, 

without seasonal storage, 92 m2 of solar panels is required. In that case, there 

will enough energy generated during the month with the least generation, 

December. Instead of this, solar power together with hydrogen storage could be 
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chosen. When 34 m2 of solar panels are used, 6277 kWh is produced throughout 

the year. In the months January, February, November and December, the 

shortage in production in these months is about 743 kWh. This means that 743 

kWh of the 4800 kWh demand cannot be fulfilled directly. Because of the 35% 

efficiency of hydrogen storage, 2123 kWh needs to be produced to store enough 

energy to provide the missing energy in the winter months. Thus, direct energy 

use is 4800-743 kWh, equal to 4057. The indirect use is equal to 743*(100/35), 

which is 2123 kWh. In the end, the Lodge requires 4057 + 2123 = 6180 kWh. 14 

kWh of lithium ion batteries, used for short-term storage, can provide back-up 

for several days. For long term energy storage, a hydrogen tank with a volume 

of about 5 m3 can be used.  

To determine the hydrogen storage tank size, the energy in kWh has to be 

calculated. Two times the required energy has to be stored in the hydrogen tank, 

because of the conversion efficiency of 50%. 743*2 results in 1486 kWh of 

hydrogen gas. 200 kWh can be stored in a volume of 440 L, so a tank size of 3.3 

m3 is required. More research needs to be done to determine the total size of a 

hydrogen storage system.  

Heating and cooling can be realised with heat pumps and passive heating. For 

passive heating, the building design has to be taken into account, in order to 

decide what kind of passive heating method will be incorporated. Water is 

warmed with the solar collector that is integrated in the PVT, except for the hot 

tub. The water for the hot tub can we warmed with wood or excess energy.   

 
Figure 30: Configuration Self-sufficiency. Made by I. Weingarten. 
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7.2 Configuration Space 

In this configuration, the maximum space of the Living Lodge is 60 m2. This 

means not enough water can be provided with rainwater harvesting. Rainwater 

harvesting will be the main water supply though, summing up to about 159,000 

litre for our rooftop area of 60 m2. Next to that, an extra 48,000 litre via ground 

or surface water is required. In the Biesbosch - being a nature reserve area and 

an official drinking water extraction area - this could be difficult to realise. To 

reduce the water demand, drinking water can be supplied via bottled water. 

36,500 litre of bottled water is required per year, resulting in 11,500 litre of 

water shortage per year, if the Lodge is occupied all of the time. Rainwater can 

be stored in a tank of which a suitable size should be chosen. 

Because drinking water is supplied via bottles, no drinking water tank is required. 

We still need a clean water tank for showering and other practices, thus the 

drinking water tank of the previous configuration is replaced with a clean water 

tank. This configuration also requires a rainwater tank and a grey water tank, as 

in the previous ones.  

The same constructed wetland as mentioned in the configuration for self-

sufficiency is used for treatment of the greywater. Treated greywater and 

rainwater together will be filtered by an ultrafilter and UV-filter, so greywater is 

filtered two times for extra safety. The configuration uses a separation 

composting toilet, where urine is led to the greywater tank and faeces is 

composted. Compost can be used as said in configuration Self-sufficient.  

Energy will be supplied with PVT and two wind turbines. We do not expect to 

require seasonal storage, because wind turbines can theoretically generate 

electricity all year round. Lithium ion batteries will provide short term storage, 

but it can be useful to have some long term storage too, in case no solar or wind 

energy can be produced. A hydrogen tank with a maximum of 2 m3 is chosen, 

which can store 909 kWh of hydrogen gas. After conversion, 909/2 = 455 kWh of 

electricity is available for use. If hydrogen appears to be required, more energy 

should be produced because of the loss via storage conversions.  

Direct energy use is 4800 kWh, of which 2000 kWh can be provided with the 

wind turbines. To provide the other 2800 kWh, about 15.5 m2 of solar panels are 

required (they exactly produce 2861 kWh). This means that of the 60 m2 of roof 

surface, 4.5 m2 is occupied by wind turbines and 15.5 m2 by solar panels, so 40 

m2 is left for additional solar panels or other purposes. Shadow caused by the 

wind turbines can lower the solar energy yield to some extent, so they should be 

placed well. The placement of two wind turbines close to each other may also 

cause a cut in the wind energy yield, due to wind disturbances. However, for the 

Liam F1 wind turbine this disturbance is made as small as possible. 

Unfortunately, there are no figures or data available on the disturbance patterns 

caused by a Liam F1. 
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Heat pumps and passive heating will be used for heating and cooling, and the 

solar collector will be used to warm water, as is done in the previous 

configuration. 

Figure 31 gives a schematic overview of the configuration. 

 

7.3 Configuration Innovative 

This last configuration we set up must not be interpreted as a possibility to 

achieve self-sufficiency, but is meant more as a presentation of innovative 

technologies, of which some could be used. They are mostly still in the 

development phase, however, and therefore less reliable. 

The main electricity source is wind turbines, specifically the Liam F1 type. Any 

excess energy generated by the turbines can be stored in the short term in a 

Portabella battery and for the long run in a thermal storage facility. Thermal 

storage can then function as a heating system during winter months. Loss of 

electricity via storage has to be taken into account. 

Alternatively, to rainwater catchment by a normal roof, water can also be 

collected by a Blue Green roof or a Water Tower. Both alternatives are also water 

Figure 31: Configuration Space. Made by I. Weingarten. 
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storage options; the Blue Green roof being able to store 25 L/m2 while the Water 

Tower has a capacity of 1000 L. Two additional advantages come with a Blue 

Green roof. Firstly, it can most probably be combined with Plant-E, which would 

result in energy production; and secondly, such a roof offers insulation, which 

would reduce the energy demand for heating and cooling. Water collected from 

both facilities is transported through a nanofilter and a UV-filter in order to be 

treated before use.  

Further storage facilities are required for greywater and drinking water. The 

black water stream is eliminated in this configuration by implementing a Blue 

Diversion AUTARKY toilet. This is not only a separation toilet, but also one that 

can treat and recycle its own waste streams. Grey water from other household 

streams will again be transported through a constructed wetland, before it can 

be filtered by a nano- and then an UV-filter to attain drinking water quality. The 

difference here to the other scenarios is that the wetland is constructed in the 

form of a green wall, so vertically with several plant batches underneath one 

another. Again, Plant-E can be incorporated into this system in order to also 

produce energy whilst cleaning waste water.  Energy supply by Plant-E can either 

be used or stored in the Portabella batteries. A schematic overview of this 

configuration is shown in Figure 32. 

 

 

 

Figure 32: Configuration Innovative. Made by I. Weingarten. 



Page | 78  
 

7.4 Discussion 

In short, Table 17 shows what the configurations look like. 

 
Table 17: Configurations for the Living Lodge: overview  

 Self-sufficient Space Innovative  

Energy supply Solar panels + solar 

collector  

Solar panels + wind 

turbines 

Wind turbines + 

Plant-E (blue-green 

roof + green wall) 

Energy storage Lithium ion battery 

+ hydrogen storage 

Lithium ion battery 

+ hydrogen storage 

Special lithium ion 

battery: portabella 

battery + thermal 

storage 

Heating and 

cooling 

Passive heating + 

solar collector + 

heat pump 

Passive heating + 

solar collector + 

heat pump 

Thermal storage 

Water supply Rainwater + 

recycling 

Rainwater + bottled 

water (+ 

ground/surface 

water) + recycling 

Blue-green roof + 

water tower + 

recycling  

Water storage Rainwater tank + 

drinking water tank 

+ 

grey water tank 

Rainwater tank + 

clean water tank + 

grey water tank  

Blue-green roof + 

water tower + 

drinking water tank 

+ grey water tank 

Cleaning rain 

water and pre-

treated grey 

water 

Nano filtration + 

UV-filter 

Ultrafilter +  UV-

filter 

Nano filtration + 

UV-filter 

Cleaning grey 

water 

Constructed wetland Constructed wetland Green wall  

Toilet  Separation 

composting toilet  

Separation 

composting toilet  

Blue diversion 

AUTARKY 

Surface area 78 m2 60 m2 60 m2 

 

Whilst making the configurations we have had to make some assumptions. The 

first assumption we made for our calculations was that it would be an average 

year. We based the minimal size for the roof top rain water collection area on 

water use, and rainfall on the average rainfall measured over a longer period of 

time. If it is a really dry year, it is likely that rainfall alone will not be able to 

provide the Lodge with enough water. Furthermore, we assumed full occupancy 

of the Lodge, resulting in higher demands than could be expected. 

When deciding in which manner drinking water should be produced, we looked at 

the technologies which are most suited to continuously provide clean water. 

However, in the Netherlands it is prohibited by law to produce drinking water. 

This might be a problem for the Lodge causing it to rely on bottled water for 

water consumption. If this is the case it might be possible to use a cheaper 
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system for water treatment which should provide water clean enough for most 

tasks. 

As said in section3.1.2, the Biesbosch is part of the Natura 2000. Because of this, 

it is not allowed to place (normal) wind turbines. We recommended the use of 

wind turbines which are bird friendly. Because they are bird friendly, an 

exception might be made. 
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8 Societal evaluation 

In this evaluation we will shed light on multiple considerations regarding the 

Living Lodge. In this chapter we will search for an answer to the following 

questions: What exactly is a sustainable self-sufficient Living Lodge? How does 

this relate to the civil society? How does the Ecological Modernisation Theory fit 

into the picture? Are there any negative aspects to consider, e.g. unsustainable 

production methods?  

8.1 Sustainability 

The goal of our research is to create a lodge that is self-sufficient and 

sustainable. With self-sufficient we mean to generate enough power to sustain 

the lodge without the need to be connected to the electrical grid. Also included in 

this definition is a self-sufficient water collection and treatment system. These 

technologies should together provide the lodge with enough water and energy for 

comfortable living. One of the main points of focus when supplying energy and 

water is sustainability. Sustainability is defined by us as producing and/or 

supplying water and energy with minimal impact to the environment. We 

recommend systems that adhere to this definition. The focus on sustainability 

prevents the recommendation of systems such as diesel generators.  

During our research we zoomed in on the yields of certain technologies. It might 

be of interest to research the effects of the production of some technologies. For 

example, it may be the case that using solar panels does not negatively impact 

the environment. However, they might impact the environment during 

construction and thus not be completely sustainable technologies. It should be 

considered as well that the production of batteries uses a lot of valuable metals 

and other materials. Nevertheless, the use of batteries is necessary to achieve 

self-sufficiency. 

A point of interest is the legislation concerning the area the lodge is in and the 

use of different technologies. The Biesbosch is a protected nature area, Natura 

2000, specifically designated to protect bird life 

(MinisterieVanEconomischeZaken, s.a.). Some technologies might be 

sustainable, however, not usable in the lodge due to legislation. The use of wind 

turbines is favourable for being self-sufficient and sustainable but they are 

prohibited in Natura 2000 areas like the Biesbosch. Wind turbines would help 

produce energy during the months when solar panels would not produce enough. 

Another problem with legislation is that private production of drinking water is 

prohibited in the Netherlands. This might result in it being impossible to achieve 

complete self-sufficiency and sustainability regarding water supply. 

When looking at the legislation in the Netherlands and the sustainability it might 

be cheaper, more efficient and better for the environment to get connected to 

the electrical grid and/or the water network of the Netherlands. When doing this 

it would mean the lodge is not self-sufficient, however, the lodge might have a 
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lower impact on the environment and thus be more sustainable. A down side to 

this is that the cables and pipes would have to be dug into the ground and thus 

impact the ecosystem. Another down side is that this solution does not satisfy 

the wishes of the client.   

With these considerations in mind, it becomes clear that sustainability and self-

sufficiency do not automatically go hand in hand: It reveals a complexity that is 

not obvious when looking at the case for the first time. 

8.2 Ecological Modernisation 

The Living Lodge can be interpreted as an example of the Ecological 

Modernisation Theory (EMT). The EMT encompasses five themes (Mol, 2010). 

These themes for the basis of the EMT. The first theme is that there are studies 

on three new interpretations: 

- Science and technology are no longer analysed and judged only on the 

basis of what they contribute to environmental issues, they are also 

judged on their role in preventing environmental crises 

- They are also judged on the basis of what they can contribute to 

environmental reform  

- Environmental reforms move towards sociotechnical approaches. 

The Living Lodge encompasses the interpretation that science and technology do 

have a role in preventing environmental crises. Technologies can help reduce the 

impact the lodge has on the environment. The Living Lodge project aims to 

change the way people view the environment and thus alters peoples mind sets 

to what different technologies can accomplish in reducing their footprint. 

The second theme covers studies that focus on the increasing importance of 

economic and market dynamics, institutions and environmental agents. The 

Living Lodge project aims to change the view of some of Eco-tourists in a way 

that it will contribute to the alternating perspective of people on the 

environment. Another important aspect is that self-sufficiency can result in a 

return of the investment costs and could thus be economically rewarding. 

The third theme focusses on the changes of the environmental state. The current 

centralised governance is increasingly moving towards decentralised governance. 

This theme fits with the notion of the Living Lodge: it strives to create 

sustainable self-sufficient tourist accommodations. This is initiated by actors, 

such as the Nature Nomads, getting more involved in environmental and 

ecological policy. Some NGO’s are also involved in the Living lodge, e.g. “De 

Vogelbescherming”. “De Vogelbescherming” is one of our clients. This NGO 

influences the government’s policy on bird protection. 

The fourth theme studies the environmental transformation of social movements 

during the process of environmental transformation. This theme is not as 

applicable to the Living Lodge as the other themes. The final theme studies the 
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rise of new ideologies and the changing practices surrounding them. Eco-tourism 

is one of these new ideologies and social movements. People are getting more 

interested in their environment and the concept of sustainability. The ideology of 

eco-tourism is that people can enjoy leisure activities sustainably during their 

holidays, so that no harm is done in any way to the environment. Thus a new 

type of tourists has come into being that fits within the EMT and the changing 

perspective of people on the environment. However, there are some down sides 

to eco-tourism. When people visit an accommodation such as the Living Lodge 

they might start using more resources while they are there because they think as 

long as the technologies used are sustainable, they can do whatever they want 

while there. This would work counterproductive. The concept is only to work if 

the civil society is actively involved. This is not solely by appealing to a public 

already drawn to these new ideas. Perhaps it is the other way around: Only by 

involving the people new to these ideas the concept might receive the attention 

it deserves. 

If eco-tourism is to work, it needs to be encouraged by projects such as the 

Living Lodge. As long as there is no opportunity to act on these ideas, there will 

be no change. 

EMT fits our research since our aim is to minimise the environmental impact by 

using different technologies to produce energy and harvest and treat water. If it 

is possible to lower energy use it becomes easier and cheaper to meet the 

energy demand. Less resources need to be used because of this, reducing the 

impact of the lodge on the environment.  

Despite the vast investment of effort that is put into this project, it will not work 

without involving civil society. As is also incorporated in the themes of EMT, 

social processes such as market dynamics or the transformation of social 

movements cannot be underestimated. Eco-tourism is a form of this social 

transformation. How this transformation might be facilitated further is explained 

in the next section. 

8.3 Environmental education and awareness 

Extensive knowledge of ecosystems, technologies and processes is required in 

order to stimulate environmental education. It is exactly what we have been 

researching in this project: What are the best suitable technologies to make the 

Living Lodge self-sufficient, and how do we apply them? The idea of the client is 

to communicate this knowledge to the users of the Living Lodge. What systems 

have been used in the lodge? Why was this technology chosen? How can we 

convert this to energy? If these questions and answers can be communicated 

effectively to the users, it might raise awareness about the complexity of the 

problem and technologies, and the importance to implement them as a 

sustainable solution. Aside from that, the connection between man and nature, 

and implicitly man’s dependency on nature, might be emphasized.  
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How do these ideas interact with literature about environmental education and 

awareness? Hopkinson states that to mobilise civil society on environmental 

issues, awareness, motivation and action is required (2001).  

Firstly, a list on how to raise this awareness follows: “Awareness is promoted by 

access to information, effective environmental education, free and informed 

media, and, increasingly, access to the Internet” (Hopkinson, 2001). The first 

two points are covered for the Living Lodge, if the project goes as planned. 

Access to the internet can be used effectively to raise awareness, and is also an 

important medium for the required knowledge increase of the EMT. 

Secondly, motivation is required. Impacts on livelihood or health are important 

factors, while cultural and religious beliefs are also essential to take into account 

(Hopkinson, 2001). For the Living Lodge, our client stressed the importance of a 

limited impact on the western life style. The link between livelihood and cultural 

beliefs is directly visible. The belief that man should be able to live in relative 

luxury, which is the western standard of living, implies a certain limit of options 

to implement self-sufficient accommodations. Self-sufficiency in terms of energy 

and water might be reached more easily than expected, if only the demands are 

adapted. The consequences of these adapted demands are not easily accepted. 

The discourse –defined by Foucault as “an ensemble of statements whereby the 

term statement is not limited to speech acts but is meant to include texts, tables 

and arrangements of things, such as architecture” (Foucault, 1998, p. 100)- of 

Western society implicitly assume a standard of living that does not match a 

limited use of electronic devices (telephones, laptops, televisions etc.). Perhaps 

the Living Lodge thrives on the idea that Western lifestyle does not have to be 

impacted by implementing self-sufficiency. Only through detailed knowledge of 

the environment and technologies can this be realised. 

Thirdly, Hopkinson states that action relies on “the capacity of communities to 

co-operate and organise on environmental issues”, which is also related to 

political and civil rights (2001). For this project, multiple groups have been 

mobilized, each focussed on specific tasks to realise the Living Lodge. Knowledge 

institutions, like universities, facilitate the process of co-operation and 

organising, so that the Living Lodge concept can be developed without many 

obstructions. However, the relation to political and civil rights hints that there 

remains a rather large obstacle: institutionalised rights in a society might 

barricade improvements in the environmental field.  

A change of mind set might be required to integrate environmental concerns into 

current policy. This can be achieved through, or is at least facilitated by, 

awareness and education of civil society. The Living Lodge actively contributes to 

this raising of awareness, and thus, also to a social transformation. 
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8.4 Rebound effect 

Increasing awareness of environmental problems by civil society is essential in 

dealing with the current environmental issues. An interesting phenomenon, 

called the rebound effect, sheds light on what might happen if nothing is done 

about a civil lack of awareness. According to this effect, improving technologies 

might result in a reduction of gains, even though it is more efficient, because of 

behavioural responses (Grubb, 1990). In other words, by implementing a self-

sufficient accommodation, the tendency to exploit the resources might get 

heightened. A rather radical example is illustrated in The Coal Question –

elaborating on an issue from the Industrial Revolution-, which goes into detail 

about how “the more economical use of coal actually increased the overall 

consumption of coal, iron, and other resources, rather than saving them, as 

many claimed” (Alcott, 2005). This insight can be extrapolated to the current 

environmental issue, and form an argument against the more common belief 

that an increase in technology efficiency will lead to a lower environmental 

impact. If this statement, that efficiency improvements reduces the recourse 

gain, is right, all efficiency policies are counter-productive, and solutions have to 

come from elsewhere (Alcott, 2005). 

How does this relate to the Living Lodge? Would we also expect an increase in 

energy and water demand, simply because the energy that is supplied would now 

be fully ‘environmental friendly’?  

There is a limited amount of energy and water available, thus, an optimal 

balance between using and reducing the energy and water use will have to be 

found. When people are aware of this, they will almost certainly adapt to the 

capacity of the Living Lodge. This is not to say that the Living Lodge will heavily 

reduce the options to live comfortably: It’s only to emphasise the importance of 

being aware of the energy and water use. Naturally, the guests staying in the 

Living Lodge should be informed as best as possible. The ThermoSmart panel will 

help in managing the energy and water use and so will facilitate in finding the 

optimal balance between using and reducing the energy and water consumption. 
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9 Discussion 

During our research we had to make assumptions. These assumptions where 

made on the best information that was available to us, however there are some 

uncertainties within some parts of our research. These assumptions are indicated 

in the discussions at the end of the chapters. We are confident in our conclusion 

that these configurations are the best suited for the Lodge. 

The first assumptions are made to calculate the demand. For all these values, 

sources or logical arguments are used, but only putting the Lodge into practice 

can determine the real water and energy demand. 

For the calculations made regarding the solar panels, an efficiency of 15% is 

assumed. This is a relatively high efficiency for solar panels. The assumed 

efficiency of total hydrogen storage is 35%. The information provided in the 

sources about hydrogen storage varies a lot, which is why we recommend to do 

further research on this. During the final check, we encountered a small rounding 

error in the difference in efficiency for tilt of solar panels. It results in an energy-

storage difference of 30 kWh/year. Solar panels have a higher energy yield than 

30 kWh/year and therefore this rounding error does not influence our results that 

much. Unlike what was expected in the research proposal we decided to describe 

different technologies instead of systems. This choice was made since there 

where a lot of different technologies that where interesting for the Lodge, but not 

used in the few systems we had found.  

For water we assumed the only loss will be in the constructed wetland, while in 

reality water loss may occur in other technologies too. However, the loss in 

constructed wetlands will probably be lower than assumed, because we used the 

maximum value available in literature. Similar to energy, for water we also 

looked at technologies instead of systems. 

The investigated existing configurations were designed for two to four persons. 

Their energy and water demand is lower than the demand for the Lodge. 

Therefore, for them it is easier to reach self-sufficiency. 

It is possible to make a configuration that is completely self-sufficient. The 

problem with this configuration is that it is not possible to only use rain water 

harvesting as a water source if you want to stay within the 60m2 surface area. To 

be able to supply enough water, other technologies need to be used. Some of the 

available technologies are to use surface water or groundwater from the 

Biesbosch.  These systems have as a down side that it might not be allowed to 

use ground or surface water in the Biesbosch due to legislation. If ground and/or 

surface water is used, more research needs to be done to determine the water 

quality. The water quality influences the possibility to use different technologies. 

Not enough information was available about the costs of the technologies, 

therefore we excluded this from our report. 
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One of the main points that might cause problems with the configurations is 

legislation. The first point is that it is illegal to produce drinking water according 

to Hans Peter Föllmi from Tiny TIM. The second problem is that the Biesbosch is 

a Natura 2000 area. This means that it is a protected nature area, mainly for 

birds. This might cause problems with the use of wind turbines, as they are 

prohibited in this area. The wind turbines we chose are bird friendly. The third 

problem is with the Biesbosch being a water collection area. This might prohibit 

the use of septic tanks, ground water or surface water.  

During our research we relied on literature and information provided to us by 

experts. We contacted a number of experts that did not respond to email and/or 

phone calls. Because of this we could not get enough information about certain 

technologies, e.g. Watergy. This led us to exclude these technologies in the 

configurations. 

With all the results we made an Excel sheet: Configuration Model. In this sheet, 

different variables can be changed. This way you get a better indication on how 

the demand and different technologies depend on each other. In the sheet you 

can fill in the amount of visitors and calculate the amount of solar panels in, wind 

turbines and hydrogen storage you need. This is the same for the water demand 

and the size of the roof. A lot of assumptions were made to create constants, 

such as the solar panel efficiency or rain fall, it is possible to change these 

constants and fill in a more correct value.  

Overall we are fairly confident our results can contribute to the creation of the 

Living Lodge.  Especially the Excel sheet can be very helpful to determine 

possible configurations of the described technologies. 
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10  Conclusion 

We started off this project with the goal of setting up configurations of 

technologies that can minimize the negative footprint of a tourist accommodation 

in the Biesbosch by moving towards self-sufficiency in energy and (waste) water 

streams. We began by mapping the water and energy demands expected to arise 

in an accommodation supposed to host six to seven people with facilities to live 

comfortably. These demands came down to 4800 kWh energy per year and 

207,000 litre of water per year. With these amounts in mind we set out to puzzle 

together configurations. We searched for available technologies and existing self-

sufficient houses to gather inspiration and gain insights into available 

technologies that would make our goal a reality. This led us past Sustainer 

Homes and Tiny TIM on the Fabcity Campus in Amsterdam. We have read about 

environmentally friendly houses in Australia, Germany, Canada and the United 

States. Solar panels and storage batteries were the most widespread methods of 

energy production and storage. In most cases, rainwater covered the entire 

water demand. Treatment of this water and treatment of waste water varied 

considerably between the houses. Heat pumps or passive heating and cooling 

were implemented in several cases, yet always paired with good insulation 

materials to minimize the heating or cooling demand. 

While researching energy and water technologies we discovered why there is 

variety in some technological choices in existing configurations and not in others. 

For residential buildings, the only other source of electricity that can keep up 

with solar energy is wind energy.  Rainwater collection is also most often the 

most logical and rational choice for water supply. Rainwater filtration and waste 

water treatment on the contrary can be achieved by multiple different methods. 

A choice for one specific method depends on many intertwined aspects: for 

example, the desired quality of treated water, the amount needed to be treated 

or the space available for treatment. The tight link between energy demand for 

heating and cooling and the type of insulation material used became evident as 

well.  

When choosing the composition of our own configurations for the Living Lodge 

we did not only take into account the requirements for its core and the criteria 

for technologies set by us as mentioned in the introduction, but also the features 

and characteristics unique to the Biesbosch. By doing so we eventually came up 

with three different configurations: a fully self-sufficient one; one with space 

limits as given by Nature Nomads and a final one that combines several 

innovative technologies. The fully self-sufficient configuration has the advantage 

that it can be completely off the grid, with minimal impact to the environment. 

This configuration relies only on rain water for its water supply. The downside of 

this configuration is that it requires more space than was desired by Nature 

Nomads. The configuration with limited space has the advantage that it meets 

the 60 m2 space limit. The downside to this configuration is that it is not 

completely self-sufficient. This configuration is not able to fulfil its water demand 
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or provide clean drinking water. It will be using bottled water to supply drinking 

water. The innovative configuration uses a lot of different innovative technologies 

that have to be developed further. Because they are new it is interesting to see 

in what way they could be used, possibly combined with other technologies. The 

Living Lodge will then be a pilot and the (combination of) technologies can be 

tested. The downside is that this configuration will probably not be completely 

self-sufficient as there will be a water shortage unless ground and/or surface 

water is used. 

Back to our original research question: Which configurations are usable 

to minimise the negative footprint of a tourist accommodation in 

the Biesbosch by moving towards self-sufficient energy and (waste) water 

streams? We proposed a few configurations, but only our configuration of self-

sufficiency provides the minimal energy and water demand required for the 

tourist accommodation. This is thus the only self-sufficient configuration of our 

proposed configurations. This configuration is shown in Figure 33. It combines 

solar panels for energy generation with lithium ion batteries for short term 

storage and hydrogen storage for long term storage. The water demand is 

fulfilled by rainwater harvesting. A constructed wetland filter for grey water 

treatment is used and a Nanofilter in combination with UV filtration is used to 

produce potable water. Other additional technologies could be used while still 

remaining self-sufficient. However, this configuration requires 78 m2 and this is 

more than was indicated by the client. With the attached Excel file (Configuration 

Model) different configurations can be formed for different input values.  

Figure 33: Configuration Self-sufficiency. Made by I. Weingarten. 
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Appendices 

Appendix I 

Lights distribution 

Table 18: Lights distribution 

Room Amount of lights Time on per day (h) 

Living room 1 on the ceiling 

2 for decoration 

1 spot 

5 

3 

3 

Kitchen 1 on the ceiling 

1 above the countertop 

1 above the cooker 

4 

2 

2 

Bedroom (3x) 1 on the ceiling 

2 bedside lamps 

0.5 

0.25 

Bathroom 1 on the ceiling 

1 or 2 above the mirror 

1 

1 

Toilet 1 on the ceiling 0.5 

Outside 1 lamp 6 

 

Calculation Gas Cylinders  

9.5kg*1000/44.09562g/mol = 216 mol 216mol*24,5 / 1000 = 5.29m3 gas per 

cylinder 65m3 / 5.29 = 12.3 cylinders per year. So 52/12.3 = 4.22 weeks to 

replace bottle 

Calculations electricity demand 

The value of 200 kWh is an estimation. In this value the combi fridge is included, the Wi-Fi and smart 

system and the biggest part of the hidden consumption. Milieucentraal claims the added value per 

person is 500 kWh / year. It can be claimed that this value will be lower in our case, because we only 

work with energy saving appliances and the house is isolated better. So this value will be around the 

400 kWh. In the Excel file Configuration Model, it is possible to change this value. With the previous 

calculated value of 4800 kWh we can calculate the other value. This is done by (4800 – 7*400 – 200) 

/ 365 = 4.93. All the calculations that are made to come to this formula can be found in the Excel 

sheet: Diversion electricity demand, that will be attached to the e-mail. 
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Appendix II 

Table 19: Daily sum of radiation per m
2
 for every month (Velds) 

Month Daily 

MJ/m2 

Daily 

kWh/m2 

January 2.25 0.63 

February 4.82 1.34 

March  7.94 2.21 

April  13 3.61 

May 16.53 4.59 

June 17.64 4.90 

July 16.94 4.71 

August 14.92 4.14 

September 10.29 2.86 

October 6.16 1.71 

November 2.82 0.78 

December 1.77 0.49 

 

 

Appendix III 

Table 20: Rainfall and harvestable water in 1976 

Month/year 

Average 

amount of 

rainfall in 

mm 

Harvestable 

rainwater 

(L) with a 

45 m2 roof 

area 

Harvestable 

rainwater 

(L) with a 

60m2 roof 

area  

Harvestable 

rainwater 

(L) with 

78m2 roof 

area  

January 67,8 3051 4068 5288 

February 21,7 976,5 1302 1693 

March 21,9 985,5 1314 1708 

April 2,9 130,5 174 226 

May 14,2 639 852 1108 

June 34,1 1534,5 2046 2660 

July 28,2 1269 1692 2200 

August 22,5 1012,5 1350 1755 

September 84,4 3798 5064 6583 

October 60,2 2709 3612 4696 

November 61,5 2767,5 3690 4797 

December 75,1 3379,5 4506 5858 

Total per 

year 494,5 22252,5 29670 

38571 

 




