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Sammanfattning 
Efterfrågan av rent vatten ökar globalt på grund av befolkningstillväxt och fortfarande är 
miljoner människor utan denna nödvändighet. Stadsområden utvecklas snabbt, men dricksvatten 
är ofta en brist i dessa områden. Flaskvatten är ofta lösningen på problemet, men ett mer 
genomtänkt alternativ med avseende på kostnad och miljöpåverkan skulle vara att föredra. 
Membrandestillation presenterar sig som ett alternativ för detta problem. Membrandestillation är 
en termiskt driven vattenreningsprocess som kräver värme som energikälla. En värmekälla som 
har blivit mer utbredd i stadsområden idag är fjärrvärme. En integrering av membrandestillation 
med fjärrvärme kan därför ge en miljömässig och ekonomisk hållbar lösning för rent 
dricksvatten. 

Denna avhandling presenterar en teknoekonomisk analys med ett miljöperspektiv av en potentiell 
integration av en membrandestillationsenhet med fjärrvärmenätet. Rapportens fokus har varit på 
att hitta och utvärdera kostnader för ett membrandestillationssystem integrerat med fjärrvärme 
samt att undersöka miljöpåverkan från reningsprocessen. Studien använder Tyskland som ett 
exempel på land för integration och kommersialisering av membrandestillationstekniken. Detta 
eftersom landet har ett välutvecklat fjärrvärmenät i stadsområden och en hög konsumtion av 
flaskvatten. 

Resultaten från rapporten är att kostnaden för vatten renat med membrandestillation, för den 
systemkonstruktion som använts, är 0,0111 USD/liter, vilket är billigare än genomsnittspriset för 
flaskvatten i Tyskland (0,3 USD/liter). Miljöpåverkan för vatten renat med membrandestillation 
är 0,024 kg CO2e/liter, vilket är lägre än miljöpåverkan från flaskvatten (0,225 kg CO2e/liter).  
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Abstract 
The demand for clean and accessible water is growing worldwide due to population growth and 
still millions are without this necessity. Urban areas are developing rapidly but adequate water is 
frequently a deficiency in these areas. Bottled water is often the solution to this problem but a 
more thoughtful alternative in terms of cost and environmental impact would be preferable. 
Membrane distillation presents as an alternative for this problem. Membrane distillation is a 
thermally driven water purification process which requires heat as an energy source. A source of 
heat which have become more widespread in urban areas today is district heating. The integration 
of membrane distillation with district heating could therefore provide an environmentally and 
economically sustainable solution for clean and accessible water. 

This thesis presents a techno-economic and environmental analysis of a potential integration of a 
membrane distillation unit with district heating network. The focus of the study has been on 
finding and evaluating costs for a membrane distillation system integrated with district heating as 
well as examining the environmental impact from the purification process. The study use 
Germany as a case example for the integration and commercialization of membrane distillation 
technology as the country have a developed district heating network in urban areas and a high 
consumption of bottled water.  

The findings from the study is that, for the system design employed, the cost for water purified 
with membrane distillation is $0.0111/litre, which is cheaper than the average price of bottled 
water in Germany ($0.3/litre). The environmental impact for water purified with membrane 
distillation is 0.024 kg CO2e/litre, which is significantly lower than the environmental impact 
from bottled water (0.225 kg CO2e/litre).  
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Nomenclature 
 

Symbols 

Parameter  Name   Unit 

A  membrane area  m2 

C  cost    USD 

cp  specific heat capacity J/ (kg K) 

i  interest rate  % 

K  capacity  - 

m  scaling coefficient  - 

ṁ  permeate flow rate kg/s	
n  period of time  years 

p   share of total fuels % 

Q  energy    J 

QM   effect (heat)   W	
	
T  temperature  °C 

U  overall heat transfer coefficient W/(m2K) 

VM   volume flow rate  m3/s	

 

Acronyms 

AGMD Air Gap Membrane Distillation 

CH4  Methane 

CHP  Combined heat and power 

CO2  Carbon dioxide 

CO2e  Carbon dioxide equivalent 

DCMD Direct  Contact Membrane Distillation 

DH  District Heating 
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GHG  Greenhouse gas  

MD  Membrane Distillation 

N2O  Nitrous oxide 

PGMD  Permeate Gap Membrane Distillation 

PP  Polypropylene 

PTFE  Polytetraflouroethylene 

RO  Reverse Osmosis 

SGMD  Sweep Gas Membrane Distillation 

VMD  Vacuum Membrane Distillation 
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1 Introduction 
Clean and accessible water is essential for all humans and is one of UN’s 17 Sustainable 
Development Goals, but far from everyone has this necessity. More than 1.8 billion people use 
water sources that are inadequate for the health and 663 million lack a reliable water supply. This 
does not only affect the lives of more than 40% of the global population but it also affects other 
parts such as the economy as a whole. An estimation is that 6.4% of India's GDP is lost due to 
adverse economic impacts and poor sanitation [1]. There has been great progress in accessibility 
and since 1990, 2.6 billion people have gained access of improved drinking water resources but 
there is still a long way to go to fulfil the human right of access to water for everyone [1]. There 
are some developed water treatment technologies that can be used for purification of drinking 
water, such as reverse osmosis or carbon filtering, but a technology which has gained recognition 
during the last years due to its large potential as a solution to a worldwide lack of adequate 
drinking water is Membrane Distillation (MD). MD is a water purification method that can purify 
non-drinkable water to ultrapure water in one single step and it is a viable alternative to other 
purification methods due to its main advantage of utilizing low grade heat from environmentally 
friendly energy sources such as waste heat, solar energy or geothermal energy. A hindrance for 
the MD-technology is that, although the energy required is low grade, the process have a high 
thermal energy demand compared to other purification methods. An energy source which could 
be used for the MD-process is district heating (DH). DH is widespread in a selected countries 
and is mostly used for space heating but could instead be integrated with an MD-module for the 
purpose of purifying drinking water. Depending on the production of DH and the specifications 
of the MD-module an integration of MD with DH as energy source could prove to be a 
sustainable water purification method both economically and environmentally. 

1.1 Objectives 
The purpose of this thesis is to examine if MD technology integrated with DH as energy source 
could be a viable method for drinking water purification, with Germany as a case example for 
this, by performing a techno-economic analysis of an MD-DH integration and analyse the 
environmental impact of an MD-DH integration. More specifically the main objectives are: 

- Employ an MD system design with desirable capacity for commercialization  
- Calculate the cost per litre of purified water for commercial scale MD-unit 
- Evaluate the carbon footprint for the MD purification process 

1.2 Limitations 
Some aspects of the membrane distillation system and technology have been excluded in the 
scope of this investigation in keeping with academic requirements. Fouling or scaling of the 
membranes are not included in this study. Neither is the removal of the concentrate from the 
membranes considered in the study. All calculations of the operation are based on a steady state 
system. Lastly, the dismantling and decommissioning of the MD-system have also been excluded 
from this study. 
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2 Literature Review 
In the following chapters the literature review is presented.  

2.1 Membrane Distillation 
Membrane distillation (MD) is a thermal process that purifies water using a hydrophobic 
membrane as a separator between liquid and vapour phase. On one side of the membrane, warm 
water is evaporated to vapour and, due to a pressure difference, a mass transfer of water vapour 
occurs through the membrane to the cold side where the vapour condenses back to liquid form. 
The method of membrane distillation was invented in 1960s and has since then been subject of 
research and projects due to its potential of producing ultrapure water in one step with the use of 
low grade heat. Although MD has been a promising water purifying method for many years it is 
still not commercialized, but there are some companies, mainly in Europe, seeking to make a 
commercially viable MD-module. 

A main advantage of MD compared to other separation processes is that the heat needed for the 
process is low grade [2, 3]. This means that the process can be driven by waste heat or renewable 
energy which has relatively low thermal energy. Another advantage is that the permeate is 
ultrapure even if the feed water is of poor quality, and there is no need for multiple separation 
steps [2]. The quality of the water is sufficient enough to be used in the industrial applications 
with high requirement of ultrapure water such as the semiconductor industry [4]. 

A disadvantage of membrane distillation is that, even though the heat used in the process is low 
grade, the energy demand for supplying purified water is relatively high. The yield with MD is 
also lower compared to other separation methods [2, 3]. 

2.1.1 MD Process Configurations and Module Design 
There are several types of MD process configurations. In this survey five of them will be 
considered. The schematic view of these configurations are presented in figure 2.1. Direct 
Contact Membrane Distillation (DCMD) has the simplest configuration and is designed so that 
the permeate cools and is in direct contact with the membrane. A disadvantage in the DCMD 
module is the high heat loss due to conduction [5].   

The Air Gap Membrane Distillation (AGMD) module is similar to DCMD but it is 
supplemented by an air gap that separates condensing surface and membrane [2]. Direct contact 
between the permeate and the cooling water is prevented by the air gap and thus leading to a 
limited heat loss via conduction and enabling internal heat recovery. The higher energy efficiency 
makes AGMD suitable in applications where availability of thermal energy is limited. A 
disadvantage of AGMD is the limited mass transfer as a result of the air gap [5]. 

In Vacuum Membrane Distillation (VMD) and Sweeping Gas Membrane Distillation (SGMD) 
the condensing surface and membrane is separated by a vacuum gap and by a sweeping gas 
respectively [2]. The condensation step takes place outside of the module for both configurations 
[6]. VMD enables a higher mass transfer than DCMD and AGMD, but the vacuum pump 
requires energy and there is a risk of loss of hydrophobicity. SGMD also enables a higher mass 
transfer than AGMD, however costs for the sweeping gas and the requirement of an external 
condenser are seen as drawbacks [5]. 
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Permeate Gap Membrane Distillation (PGMD) is similar to DCMD due to the fact that the 
membrane has direct contact with the feed water and the permeate. However, an impermeable 
film is placed between the permeate and the coolant similar to the AGMD configuration. This 
enables internal heat recovery and increases the thermal resistance [7].  

 

Figure 2.1. Schematic view of the MD process configurations.  

 

In general, there are three different basic module designs; plate-and-frame modules, shell-and-
tube modules and spiral-wound modules. All different types can use a counter-current flow, cross 
flow or co-current flow [7]. Plate-and-frame is the most usual design in laboratory-scale modules, 
partly, due to simplicity in fabrication [8]. In this design flat sheet membranes are connected to 
frames that serve as a support, these connections are made by sealing gaskets or welding 
techniques [8]. In the shell-and-tube design the membranes, usually tubular, capillary and hollow 
fibre membranes, are arranged in parallel and the membrane bundle is then structured into a 
tubular shell [7]. One of the advantages of this module design is its high membrane packing 
density [6, 8] leading to a higher membrane surface area to volume ratio compared to e.g. plate-
and-frame modules which makes it more attractive from a commercial standpoint [8]. Spiral 
wound modules uses flat sheet membranes that are enveloped and then wound around a tube. 
This membrane coil is enclosed by a cylindrical pressure vessel [7]. In the shell-and-tube modules 
and spiral wound modules membranes are placed permanently and thus are hard to replace. 
Membranes in plate-and-frame modules however, can easily be removed for examination, 
cleaning or replacement [6-8].  

2.1.2 Membrane Distillation Applications 
The most studied and advanced application of MD is seawater desalination, an application that 
showed potential already in an early stage and as a result few other applications were studied in 
the beginning [9]. Currently, reverse osmosis (RO) is one of the major desalination process in use 
[6] and it is widely commercialized and mature [5]. Compared to MD, RO is considered to be 
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cheaper in general [9]. However, due to improvements in the MD module desalination using MD 
begins to be competitive to reverse osmosis process [10]. In general, AGMD and DCMD are 
used during desalination processes [5]. Apart from classical seawater desalination, residues with 
high salt concentration, called brines, [6] are attracting an increasing interest as an application of 
MD. Brines from different industrial processes have for a long time been considered too difficult 
and expensive to treat, but such applications may become feasible using MD [9].  

Today, several applications of MD other than desalination have been studied, and the technique 
has proven to be appropriate for chemical, pharmaceutical, food, environmental, biotechnology 
and petrochemical industries. The process has successfully been applied to wastewater treatment 
to recover useful compounds or produce a more environmentally friendly permeate [10]. MD has 
been investigated and tested for the removal of humic acids, different kinds of dyes from textile 
wastewater, pharmaceutical components etc. [9,10]. The use of MD for concentrating different 
elements has also been studied, for example to recover polyphenols from olive mill wastewaters 
[9, 10] and preconcentrating samples before analysis. 

Another often suggested industrial sector is the food industry [9] where MD is considered to be 
promising for concentrating fruit juices [9, 10] and other food-related liquids like milk [10]. In 
food processing it is necessary to operate at low temperatures in order to work with temperature 
sensitive juices and avoiding degradations of the fluid in process, hence MD is suitable because 
the process can be conducted at low temperatures [9]. 

However, apart from the production of drinking-water using desalination, purification of 
drinking water is seldom mentioned in the literature. A number of studies considers the 
purification of arsenic contaminated drinking-water. They all indicate that MD is promising for 
the removal of arsenic and one of the studies showed that the used MD module produced water 
with arsenic levels far below WHO accepted limits [11].   

2.1.3 Semi-commercial MD Modules 
Despite the fact that the MD technique is not mature or commercialized, there exists a few semi-
commercial MD modules. One of the developers that almost reached a commercial stage is 
Scarab Development AB [7, 9], a Swedish company, which has spent several years to develop 
MD technology for applications in the semiconductor industry, process industry, desalination and 
drinking water purification [8]. The company has developed three different modules under 
different investment projects; Elixir, Xzero and HVR. HVR is however not considered to be 
semi-commercial like Xzero and Elixir. All three modules use the AGMD configuration and the 
membranes are made of polytertaflouroethylene (PTFE) with support by polypropylene (PP), but 
they have different capacities and cooling plates. The membranes have a thickness of 0.2 mm, an 
80 % porosity and 0.2 µm average pore size [5]. The modules are of the type plate-and-frame [7]. 

The membranes of one of the Xzero modules has a total active membrane area of 2.3 m2 and the 
module consists of ten cassettes each containing two membranes (20 membranes in total). In 
Hammarby Sjöstadsverk an Xzero AGMD pilot plant with a production capacity of 5-10 m3/day 
is installed. The system consists of ten AGMD modules arranged in five cascades where each 
cascade consists of two modules in series. When using one cascade (two modules), a feed 
temperature of 80 °C and a coolant temperature of 50 °C, a permeate flux of 3.5 l/(m2h) is 
obtained [5]. A 3D illustration of the pilot plant is presented in figure 2.2.  
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Figure 2.2. A 3D illustration of the AGMD pilot plant in Hammarby Sjöstadsverk [5].  

 

The Elixir module has membranes with a total active membrane area of 0.19 m2 [12]. The module 
consists of a cassette containing two membranes that is placed between two condensation 
surfaces. The condensation surfaces are thin-plate stainless steel with similar design features as 
commonly used plate-and-frame heat exchangers. A bench scale unit at KTH in Stockholm, 
Sweden consisting of one module was tested and a permeate flux between 6-18 l/(m2h) was 
obtained when varying the coolant temperature [12]. When heat recovery is deployed Elixir 
module can be preferred over Xzero, due to its lower net specific heat demand and higher 
permeate flux [5]. For a specified flux, Elixir therefore requires a smaller membrane area 
compared to Xzero.  

Other developers/technologies that almost reached the commercial stage aside from Scarab are 
Fraunhofer ISE (SolarSpring), MemSys and Memstill (Keppel Seghers) [9]. Fraunhofer ISE 
developed a spiral wound module for solar driven desalination [5, 7, 9]. The module 
configuration is PGMD and the membranes are made of PTFE. At an operating temperature of 
80 °C and without deaeration a flux of 2.5 kg/(m2h) was obtained at a GOR of 3.3 and at the 
same temperature but with deaeration a flux of 3 kg/(m2h) was obtained at a GOR of 5.2 [7]. 
Currently the spin-off company SolarSpring are using the developed technology [7, 9].  

MemSys plate-and-frame module [6, 7] is based on vacuum multi-effect membrane distillation 
(V-MEMD) configuration [7, 9]. The configuration combines multi-effects and vacuum to 
achieve efficient heat recovery. One set of the standard memsys module has a steam raiser (that 
produces hot vapour flow) followed by multiple steps and a condenser in the final step. The 
PTFE membranes with an area of 0.216 m2 and foil frames (PP films) are welded into a PP 
frame, one at each side of the frame.  The membrane and foil together forms a stage, and these 
stages are then stacked to form multiple stages with vacuum tight silicone gaskets [13]. Water 
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vapour passes through the membrane and condenses on a foil. The energy is then transferred to 
next effect from the foil [9]. At the final stage a condenser condenses the vapour produced in the 
final stage using a coolant (e.g. fresh water) flow [13]. The capacity can be varied by changing the 
number of stages and the size of them [9].  

The Memstill concept was introduced by TNO research institute, but was taken over and further 
developed by Keppel Seghers [7, 9] who switched the AGMD design to a PGMD design. Plate-
and-frame modules have been built and tested, and results showed fluxes up to 3-5 kg/(m2h) and 
GOR between 3-6 for operation with deaerated feed water [7].  

2.1.4 Integration of Energy Sources for MD  
To drive the MD separation process, thermal energy is needed and, as mentioned in previous 
chapters, low-grade heat can be utilized for the MD unit. Low-grade heat can derive from many 
different sources such as solar energy, geothermal energy or waste heat which means that many 
different integrations with MD modules and energy sources are possible. There have not been 
many studies for geothermal-integrated MD units [14] but the use of solar energy has been 
researched in several studies and have proven suitable for smaller capacities. For larger capacities 
the capital investment of the solar panels has been to high. [9] Because MD-systems can be used 
with energy sources which are either renewable or use waste heat, research and development of 
commercialized MD-units have grown due to greater focus regarding sustainable energy around 
the world [9]. 

Another option, which is the focus of this study, is the integration of DH-network as a heat 
source for an MD-system. DH is widespread in some selected countries in Europe (mainly 
Sweden, Germany and Netherlands) where it is mostly used for space heating in buildings. This 
supply of heat could be integrated with MD-systems to provide necessary energy to produce 
ultrapure water. There are several ways the integration could be carried out and below three 
different possibilities are explained. The MD-unit need heat to drive the process which can be 
extracted from the DH network and the first alternative is with the return line of the DH 
network as a heat source. The second alternative is with the supply line of the DH network as a 
heat source and the third alternative is with the supply line as a heat source and the return line as 
a heat sink [5].  

The first alternative is that the heat source for the MD module is provided by the DH return line 
(temp. about 35-65 °C) which means that the temperature of the feed water would be relatively 
low and thus also decrease the yield. The need for a heat sink with low temperature is required 
for this alternative [5].  

The second alternative is with the supply line as heat source. The temperature from the supply 
line can vary between 70-100 °C which means that the feed water to the MD-module would be 
between 70-90 °C. An external heat sink (5-55 °C) would need to be added to the system. This 
alternative is more attractive if the building or system where the MD-module is installed have a 
heat sink (such as lake water) that can be utilized [5].  

The third alternative with the supply line as heat source and return line as heat sink gives the feed 
water a high temperature of about 70-90 °C while the return line of the DH-network act as a 
natural heat sink (temperature of return line about 35-65 °C). Figure 2.3 show the schematics of 
this integration where MD is used in an industrial application. With this alternative no external 
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heat sink is required and internal heat recovery from the cooling side of the MD module can be 
employed to decrease the net specific heat demand [5]. 

 

 
Figure 2.3. Illustration of integration alternative three with the supply line as heat source and 
return line as heat sink [5]. 

 

2.1.3.1 Heat Demand and Electricity Demand 
The MD-unit is able to produce ultrapure water for varying temperatures of the warm and cold 
side. As long as there is a temperature difference, and thus a pressure difference, mass transfer of 
evaporated water will occur. But the permeate yield is temperature dependent and if the 
temperature difference is low, the vapour pressure difference will also be low, leading to reduced 
mass transfer. An increase in temperature difference from warm side of 80 °C and cold side of 50 
°C to warm side of 80 °C and cold side of 15 °C in Xzero MD-unit by Scarab showed an increase 
in capacity of permeate yield from 3.5 l/(m2h) to 6.7 l/(m2h), in increase of more than 90% [5]. 

To drive the MD purifying process heat is needed to evaporate the feed water. Different module 
designs require different heat demand due to heat loss and transfer. Heat demand can be 
evaluated by the specific heat input to the MD-module and the net specific heat used when heat 
recovery is considered. For Xzero and Elixir MD-module at temperature difference of 80-50 °C 
the specific heat input is 875 and 672 kWh/m3, respectively, and the net specific heat demand 
with heat recovery for Xzero and Elixir is 105 and 11.5 kWh/ m3, respectively. Elixirs lower 
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specific heat demand can be explained by a greater heat transfer across the membrane which 
results in a higher permeate flux in the Elixir module [5]. The electricity consumption for the 
pumps needed in the system showed to be 0.35 kWh/ m3for feed (~80 °C) and coolant (~15 °C) 
with flow rate of 600-1200 l/h (which gives permeate flux of about 4-6.5 l/h) [5]. For a 
simulation of larger capacity of 10 m3/h the net specific heat demand with heat recovery, when 
supply line of DH-network is used as heat source and return line of DH-network used as heat 
sink, was expected to be 105 kWh/m3, assuming that the DH supplier would buy back the heat 
that is dissipated [5]. 

An AGMD-module developed by Fraunhofer - Institute for Solar Energy Systems (ISE) in 2003 
proved to have a larger energy consumption of 140-200 kWh/m3 with internal heat recovery, 
with the membrane area limited to 5-14 m2 per module. Another AGMD-module by TNO 
(Netherlands Organisation for Applied Scientific Research), Memstill, showed a lower energy 
demand of 56-100 kWh/m3 at pilot scale testing with feed temperatures of 80-90 °C. The 
Memstill module required an electrical energy of 0.75 kWh/m3 to drive pumps [14]. 

When evaluating the heat demand two different calculations can be performed, either with or 
without heat recovery of the cooling side of the MD-module. Without heat recovery the heat 
demand per m3 permeate is calculated from equation 2.1 [5]: 

 	𝑄#$ =
&'	()'(	+',-.	+',/)

1)
      (2.1) 

where the heat demand, QO sp, is the change in enthalpy of the feed water, ṁ is mass flow rate and 
subscript f	denotes feed and subscript c	denotes cold. cpf is specific heat capacity for the feed 
water. T is the temperature of the water with subscript i	for inlet and o for outlet. Lastly, v̇ p is the 
permeate yield. With heat recovery the heat demand, QO net, is calculated by equation 2.2 [5]: 

 	𝑄>?@ =
&'	()' 	+',-.	+',/ .A&B	()B(	+B,/.	+B,-)

1)
     (2.2) 

where φ is the possible heat recovery (0<φ<1) and φ	equal to one means that all heat is recovered 
from the cooling side [5]. 

2.1.5 Cost of Membrane Distillation 
The MD technology is not fully commercial, hence accurate economic data for capital costs and 
operational cost are hard to access. The capital expenditure (CAPEX) includes cost for the MD 
facility like MD modules, infrastructure for heat supply and cooling, water tanks, piping, heat 
exchangers, construction etc. [15]. Operational and maintenance cost (OPEX) includes costs for 
heat and electricity, service, membrane replacement etc. Considering the operation and 
maintenance cost and investment cost, heat costs has the highest contribution followed by initial 
capital investment, costs for service and maintenance and membrane costs [5]. 

Capital expenditure is the initial cost for purchasing and installing an MD-system and is hence a 
one time cost at the beginning of the MD module lifespan. Due to inflation the interest rate 
should be considered throughout the lifetime of the MD-system using the formula below to 
obtain annual CAPEXamortized: 

𝐶𝐴𝑃𝐸𝑋S&TU@VW?X = 𝐶(SYZ[ ∗
V(]^V)_

(]^V)_.]
    (2.3) 
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where	CCAPEX is the initial capital expenditure, i is the interest rate and n is the lifespan of the 
MD-system [5, 16].  

Operational expenditure is the cost that occurs throughout the MD-system’s lifespan (~15 years 
[15]) and is therefore a recurring cost. Some OPEX, like heat and electricity, are continuous and 
occur as soon as the MD-process is ongoing while others, like membrane replacement only 
occurs occasionally, typically every 4 or 5 years [5, 16]. 

Due to insufficient commercial data from vendors regarding prices for parts to an MD-module 
for specific capacities, reference costs and capacities can be used to obtain costs for a specific 
capacity according to the capacity method. The capacity method is formulated as [5, 7]:  

𝐶 = 𝐶U?`(
a

abc'
)&      (2.4) 

where C is the cost for the specific capacity, K, Cref is cost for reference capacity, Kref, from 
relevant data and m is a scaling coefficient to accommodate for economy of scale factor. The 
coefficient m can be assumed to have different values for different parts of the MD-system due 
to larger savings on certain bulk purchases. For heat exchangers the scaling coefficient for 
decreasing cost with increasing heat transfer area can be assumed to be 0.6 [16]. Pumps and tanks 
can also be assumed to have a scaling coefficient of 0.6 [5] while a scaling coefficient of 0.85 can 
be assumed for MD-modules [16]. 

Woldemariam investigated district heating driven MD for water purification and costs related to 
different integration scenarios. The lowest estimated unit cost of purified water, $5.44/m3, was 
found in the case where the DH return line was used as a coolant and the MD plant capacity was 
8 000 m3/h. Using the same integration case but with an MD plant capacity of 10 m3/h resulted 
in a higher unit cost of purified water, $6.35/m3, due to economy of scale [5].  

Martin and Kullab investigated the performance of a 10 m3/h MD plant, using data from a small-
scale AGMD plant where district heating supply and return lines were used for heating and 
cooling, respectively. Economic evaluation place the unit cost of purified water in the range of 
14-20 SEK/m3 in the case with higher feed water temperatures [15].  

2.2 Market Overview for MD 
MD is able to produce ultrapure water which can be used as drinking water where there is a 
demand for cheap alternatives to tap water. For a market to be feasible for DH-MD integration 
there should be a market-demand for alternatives to tap water but there should also exist a DH-
network that is used in buildings where this demand exists. A possible market is Germany due to 
its high consumption of bottled water and prominent development of DH.  

2.2.1 Bottled Water in Germany 
The market of bottled water in Germany is the 8th largest in the world by volume (11 736 000 
000 litres/year) and 4th largest in the world by volume/capita (142 litres/capita*year) [17]. Total 
revenue for 2018 is estimated 5 057 000 000 USD (62.30 USD/capita) and the cost for bottled 
water is approximately 0.3 USD/litre [18]. Although the tap water in Germany is safe and has 
been safe to drink for many years [19, 20] the market for bottled water have been growing 
steadily and is expected to grow for, at least, the coming 4 years [18]. There is no general 
explanation to why the market for bottled water is so substantial in Germany despite the tap 
water being safe to drink but a normal perception is that bottled water is safer, healthier and has 
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better quality than tap water and therefore it has become a habit to buy bottled water for many 
people who can afford it [21]. Another factor that can play part is taste preferences which, partly, 
can be dependent on the amount of minerals in the water [22]. A small amount of minerals can 
result in poor taste, which is the case for demineralised or distilled water. Some brands of bottled 
water have used demineralised water to an advantage, where freshwater is first distilled and then 
desirable minerals are added for better taste [23]. 

Although the demand for bottled water is high, the environmental factor could be a reason to 
reject bottled water. The process of producing and transporting bottled water to the final 
consumer is today heavily fossil fuel dependant which contributes to global climate change. A 
study of the production and transportation of bottled water in Siena, Italy showed that the 
carbon footprint for the life cycle of a 1.5 litre bottle was 0.337 kg CO2e and the carbon footprint 
for the bottle alone was 0.156 kg CO2e [21]. The disposal of PET, which is the main plastic used 
for bottled water, [22] also have other environmental impacts since only about half of the PET 
worldwide is collected for recycling and almost all (93%) of the collected PET is recycled to 
lower value applications. Every year about 31 million tonnes of plastic is landfilled and 25 million 
tonnes are leaked into natural systems such as oceans, forests, etc. [24]. In Germany though, 
most bottled water is packaged in returnable glass due to a preference of sparkling water which is 
not suitable for PET-bottles. If glass bottles are washed and reused multiple times the 
environmental impact decrease considerably but the impact is still more substantial than for 
PET-bottles in terms of energy required, atmospheric emissions and solid waste, regardless of the 
recycling rate [22]. 

2.2.2 District Heating in Germany 
Germany is one of the leading countries in Europe and the world in terms of DH. The northern 
part of Germany, especially Berlin and Hamburg, is more developed with DH-networks and the 
largest network is located in Berlin where about 20-30% of the supplied heat to the residential 
market is supplied from DH. In Germany the DH network is widespread where a large part of all 
electricity in Germany (17.8%) is produced in combined heat and power plants (CHP-plants) 
[25]. 

The principle of district heating is heat distributed in pipelines by warm water. The heat can 
derive from many different sources but the most common in Germany is that from a CHP-plant. 
A CHP-plant generates electricity and heat at the same time (cogeneration) by the burning of fuel 
where the most common fuel used in CHP-plants in Germany is natural gas and hard coal. The 
only country with a larger amount of DH from CHP is the Netherlands with about 90% share of 
DH production in CHP [26]. The remaining DH in Germany is generated in district heating 
stations where the most common fuel used in the stations is natural gas followed by biomass and 
renewable wastes. The share of fuel used for DH production during year 2015 in Germany is 
summarized in figure 2.4 [27] and more detailed numbers are presented in appendix I. 
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Figure 2.4. Fuel used for DH production in Germany during 2015. 

 

For comparison the share of fuel used for DH production during year 2016 in Sweden is 
summarized in figure 2.5 [28]. Some modifications have been made to make the data more 
comparable. As the figure shows, the most common fuel is biomass and renewable waste, 
followed by non renewable waste and waste heat.  

Figure 2.5. Fuel used for DH production in Sweden during 2016.  

 

In 2015 the total energy by district heating in Germany was ~112 TWh [25] and the main market 
for district heating is multi family homes for space heating [29]. The total energy use of DH from 
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multi family homes accumulates to about 58 TWh with about 45 TWh is used as space heating 
and about 13 TWh is used as hot water [29]. For a single apartment in Sweden with district 
heating only, the demand of DH in 2017 was 11 MWh/year [30]. 

The potential for DH in Germany is still substantial with the total market for space heating 
accumulating to 712 TWh in 2017 which is mostly supplied by natural gas [31]. The room for 
expansion is also supported by an act of the German government which subsidies new and 
existing CHP plants with the aim of reducing carbon emission through more efficient use of fuel 
in the CHP-plants [32]. Studies also show positive effects of DH through a possible reduction of 
carbon emissions in Germany of 123 million tonnes between 2008 and 2020 with the help of 
DH-networks [26]. 

The price of district heating in Germany have risen from 22.3 EUR/MWh in 1980 to 76.3 
EUR/MWh in 2013, as illustrated by figure 2.6 below [33]. More recent prices vary with time and 
source but is often around 75 EUR/MWh [26, 31]. 

Figure 2.6. District heating prices in Germany between the years 1980 and 2013. 

 

2.2.3 Electricity in Germany 
The market for electricity in Germany is the largest in Europe and the country is also the largest 
exporter of electricity in Europe. The market volume has been fluctuating between 413 TWh and 
521 TWh between 1991 to 2016 [34]. The share of renewable in the German power production 
amounted to 33.3% in 2017 with wind production claiming the biggest share and solar being the 
second largest producer of electricity from renewable sources [35]. The average electricity use per 
capita in Germany is 7035 kWh/year [36] and, as illustrated by figure 2.7, the price for electricity 
for household consumers have risen during the period 1991-2016 with the highest average 
electricity price of €241/MWh in 2016 [37]. 
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Figure 2.7. Electricity prices in Germany between the years 1991 and 2016. 

3 Method  
The method of this report is divided into four parts. Firstly, an MD-system design have been 
constructed to provide a base for further investigation and to evaluate the heat and electricity 
demand. Secondly, based on the MD-system design, a cost estimation for the MD-system have 
been calculated. Thirdly, the greenhouse gas emissions and carbon footprint with regard to heat 
demand of the MD-system have been estimated. Lastly, a market survey was carried out to obtain 
a first impression of how a selected group of German students would respond to an MD-system 
being installed in the basement of their apartment building for drinking water purposes.  

3.1 MD System Design  
To be able to calculate and obtain a basis for a cost estimation, an MD system design have been 
employed. The MD system design is based mainly on data from a pilot plant testing of Xzero 
module in Hammarby Sjöstadsverk by Scarab Development AB. In the pilot plant testing, two 
Xzero modules with 20 membranes each were used. The total effective membrane area (am) for 
the two modules together was 4.6 m2. The permeate flux (VO p) proved to be 3.5 l/(m2h) with a 
feed of 1200 l/h and a temperature of 80 °C on the warm side and 50 °C on the cold side. This is 
representative for an integration with DH where the MD unit is placed between the heat source 
(DH supply line) and the heat recipient (building). The recovered heat is assumed to be used for 
existing space heating in the building where the MD-system is installed, resulting in a net specific 
heat demand of 105 kWh/m3. Electrical energy needed for the pumps in the system are assumed 
to be 0.35 kWh/m3 [5].  

The MD system design is simulated to be integrated with a building of several apartments. The 
building is assumed to have 50 apartments with 2 people households in every apartment and an 
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average consumption of 10 litres of water per day and person. This results in a capacity for one 
MD-system of 1000 litres/day and equals a permeate flow (VO p) of approximately 41.67 litres/h. 	

From the data of the pilot plant testing and the desired purification rate, VO p, of one building, the 
total membrane area, Am, required for an MD system in a building can be calculated using 
equation 3.1 [5]:	

𝐴& = 𝑎&	
1)

1),bc'
      (3.1) 

where am is the membrane area of the reference module and VO p,	 ref its measured permeate flow 
[5]. From the required membrane area and the reference data from the Xzero module it is 
possible to calculate amount of MD modules as well as other equipment, such as piping and 
pumps, required for the system based on data from previous studies [15] assuming a linear ratio. 	

One exception is the heat exchangers where the required area is to be calculated assuming that 
one heat exchanger is needed in order to warm the feed water, and another to cool the coolant. 
The overall heat transfer coefficient, U, is assumed to be 2500 W/(m2 K) based on a previous 
study [38] and the heat exchangers are assumed to be of the type plate and frame with counter 
flow. The area for the hot side heat exchanger, AH1, can be calculated according to equation 3.2 
[39].  

𝐴i] =
&'ccj	(),B	(+Bk,/lm.+Bk,-_)

no+pqk
     (3.2)  

where ṁfeed is the mass flow of the feed water, in this case 0.333 kg/s, cp,c	 the specific heat 
capacity for the feed water assumed to be 4181 J/(kg K) [39] for an approximate film 
temperature of 50 °C. The log mean temperature difference, ΔTlm1,	can be calculated using the 
following equation [39]:  

𝛥𝑇v&] =
(+wk,-_.+Bk,/lm).(+wk,/lm.+Bk,-_)

v>
xwk,-_yxBk,/lm
xwk,/lmyxBk,-_

    (3.3) 

Tc1,	 out and Tc1,	 in are the temperatures of the feed out of and into the heat exchanger, 
respectively, these are assumed to be 80 °C (the temperature of the feed in the MD module) and 
20°C (the temperature of the tap water). Th1,	out and Th1,	in are the temperatures of the DH supply 
line out of and into the heat exchanger, these are assumed to be 80 °C and 90°C respectively, see 
figure 2.3. 

The area of the cold side heat exchanger, AH2, will be calculated according to equation 3.4: 

𝐴i} =
&B//p~_m	(),w	(+w�,/lm.+w�,-_)

no+pq�
     (3.4) 

where ṁcoolant is the mass flow of the coolant, in this case 0.333 kg/s,	 cp,h the specific heat 
capacity for the coolant assumed to be 4181 J/ (kg K) [39] for an approximate film temperature 
of 50 °C. The log mean temperature difference, ΔTlm2, can be calculated using the following 
equation [39]: 

𝛥𝑇v&} =
(+w,-_.+B,/lm).(+w,/lm.+B,-_)

v>
xw,-_yxB,/lm
xw,/lmyxB,-_

     (3.5) 



 

 

-23- 
 

Th2,	 out and Th2,	 in are the temperatures of the coolant out of and into the heat exchanger, 
respectively, these are assumed to be 50 °C (the temperature of the coolant in the MD module) 
and 60°C (assumed temperature of the coolant after the MD module). Tc2,	out and Tc2,	 in are the 
temperatures of the DH return line out of and into the heat exchanger, these are assumed to be 
55 °C and 35°C respectively, see figure 2.3. 

In the MD system design it is assumed that the MD-system will be integrated in an adequate 
place with regards to the DH supply and return line such as the basement where the water is 
distributed to the different apartments. However, it is assumed that DH needs to be installed in 
the building and that there is a DH network nearby (within 20 metres of the building). The 
purified water will therefore have to be collected in the basement by the residents and not 
distributed through the pipes to the normal tap. There are advantages to this as less piping is 
required and there is less risk that the purified water will be contaminated by dirty pipeline. The 
last few metres to the tap are important as many substances from the piping can contaminate the 
water [40]. Also, since the capacity of the MD-unit is designed for drinking water purposes only, 
the water should not be used for other purposes such as washing dishes, etc. To avoid this, a 
special tap for drinking water would have to be installed which would be more difficult to 
configure as different piping would be required. The downside to the residents collecting the 
purified water is, subsequently, that the residents will not be able to drink the purified water from 
the tap but it is still a more preferable alternative to collect the purified water in the basement 
than going to a supermarket to buy drinking water.  

A suggested payment system for the residents in the building would be similar to the payment 
system used at self-serving gas stations where customers use the pump by themselves to fill up 
their car and then pay with a credit card. Residents would then be able to fill up a small water 
tank, pay where the MD-module is placed and then bring the water back to the apartment. This 
way it will be easy for the residents to collect the water and pay for it with an automated payment 
system. It will also be possible for the supplier of the MD-system to oversee the usage and make 
sure that no resident consumes more water than is reserved for each household. Instead of 
paying directly with a credit card another idea would be to use RFID to keep track and limit the 
consumption of water for the residents and then the accumulated water consumption is billed at 
the end of the month, preferably at the same time as the rent is due. The costs related to this 
RFID tag system is not considered in the cost analysis.  

3.2 Cost Estimation 
The cost estimation will consider two cases where case 1 is for one MD-system in one building 
and the second is for 1000 MD-systems in 1000 buildings, se table 3.1. This is to illustrate the 
effects of economy of scale in order to evaluate the cost of purified water for a commercialized 
case. The result from case 1 will therefore be used as reference for the calculation made in case 2 
where the economy of scale is taken into consideration. Throughout the calculations, two 
exchange rates have been used and these are; 1 SEK = 0.12 USD and 1 EUR = 1.23 USD.   
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Table 3.1. The two different cases considered in the cost analysis.  

Case 1 Case 2 

1 building 1000 buildings 

1 MD-system 1000 MD-systems 

 

3.2.1 Case 1 
In this case the cost of one MD-system (see chapter 3.1) will be calculated based on costs for 
purchasing equipment today for smaller capacities. The cost estimation of the MD system 
integrated with DH considers capital expenditures (CAPEX) and operational and maintenance 
expenditures (OPEX). The capital investment for one MD system, CCAPEX, includes MD-modules 
(CMD), membranes (CM), valves (CV), control system (CCS), integration of the DH network (CDH), 
installation (CINST), piping (CP), heat exchangers (CHE), pumps (CPUMP) and tanks (CT), see 
equation 3.6. 

𝐶(SYZ[ = 𝐶�� + 𝐶� + 𝐶1 + 𝐶(� + 𝐶�i + 𝐶���+ + 𝐶Y + 𝐶iZ	+	𝐶Yn�Y +	𝐶+  (3.6) 

Various sources have been evaluated to obtain reference costs with respect to age of the source 
and relevance to the MD-module of Xzero by Scarab Development since calculations is based on 
the specifications of this module regarding permeate capacity, membrane area and heat and 
electricity demand. To obtain an annual CAPEX, CCAPEX,	 A, all capital costs are distributed over 
the amortization period (i.e. the MD system lifetime) using the following equation [5, 16]:  

𝐶(SYZ[,S = 𝐶(SYZ[ ∗
V(]^V)_

(]^V)_.]
     (3.7) 

where i is the interest rate and n is the lifetime or amortization period of the MD-system. 
Assumptions made for the equipment lifetime are based on data presented in a previous study 
[15]. The membrane is assumed to have a lifetime of five years, while other equipment is assumed 
to operate for 15 years. The amortization period for the membranes are thus 5 years and 15 years 
for other equipment. Due to different lifetimes a separate calculation is needed to obtain an 
annual cost for the membranes, which will be added to the annual cost for the rest of the plant. 
The interest rate is assumed by the authors to be 4% throughout the calculations.  

The annual operational and maintenance cost, COPEX,A	 , considers costs for heat (CH), electricity 
(CEL), labour (CL), chemicals (CC), insurance (CIN), service and maintenance (CSM). In this case the 
labour is excluded as this cost cannot be linearized and therefore isn’t representative for a small 
capacity, however case 2 takes into account the labour. Land costs will be neglected due to the 
fact that the MD system will be located within property boundaries. The annual OPEX is then 
given by: 

𝐶�YZ[,S] = 𝐶i + 𝐶Z� + 𝐶( + 𝐶�� + 𝐶��   (3.8) 

The cost of chemicals, insurance and service & maintenance are evaluated as 0.5%, 2.5% and 1%, 
respectively, of total OPEX [16]. The operational data for heat, QO HEAT, and electricity, QO EL, are 
derived from the reference module, see chapter 3.1. Given the desired purification rate, VO p, and 
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the heat and electricity demand, the annual heat demand and annual electricity demand can be 
calculated according to equation (3.9) and (3.10), respectively.   

𝑄	iZS+,S = 𝑉$	𝑄	iZS+	8760    (3.9) 

𝑄	Z�,S = 𝑉$𝑄	Z�	8760     (3.10) 

To obtain the cost for heat (CH) and electricity (CEL), QO HEAT,	A	and QO EL,	A	will be multiplied with the 
cost for district heating and electricity which are assumed to be $92.25/MWh and $296.43/MWh, 
respectively. The annual permeate production, VO PA, is derived from the desired purification rate, 
VO p, and the number of hours per year according to equation (3.11) [5]: 

𝑉Y,S = 𝑉$ ∗ 8760     (3.11) 

The unit cost of purified water, CW, can then be calculated according to the following equation 
[5]: 

𝐶� = (�����,�k^(����,�k
1�,�

     (3.12) 

3.2.2 Case 2 
In case 2 there are 1000 MD systems and all the capital costs will be scaled up by using the 
capacity method, formulated by equation 3.13 [7]. 

𝐶 = 𝐶U?`(
a

abc'
)&      (3.13) 

where C is the cost for the specific capacity, K, in this case the capacity of 1000 MD systems. Cref 
is cost for reference capacity, Kref. Reference capacities and costs will be obtained from results 
from case 1 CAPEX. The scaling coefficient varies for different parts of the MD-system due to 
varying cost savings on bulk purchases and production, thus a separate calculation will be carried 
out for each part of the MD system. See table 3.2 for scaling coefficients of different parts. The 
scaling coefficient 1 for installation is assumed by the authors. The assumption is based on the 
argument that wages are not affected by an increase in number of working hours required for the 
installation. 

OPEX will be scaled up by multiplying all costs with the factor 1000 since these costs are 
assumed to not be affected when several MD systems are manufactured. However, OPEX in 
case 2 will have an additional element since labour is considered. It is assumed that one person 
working full-time is enough for service and maintenance of the MD systems in case 2 and the 
cost per hour will be the same as used for installation in CAPEX, see table 4.3. Annual OPEX in 
case 2 will then be calculated by using equation 3.14.  

𝐶�YZ[,S} = 1000	(𝐶i + 𝐶Z� + 𝐶( + 𝐶�� + 𝐶��) + 𝐶�  (3.14) 

Equation 3.12 with an alternation will be used to calculate the unit cost of purified water in case 
2, by switching CCAPEX,	 A1 to CCAPEX,	 A2, COPEX,	 A1 to COPEX,	 A2 and by multiplying the annual 
permeate production by the number of buildings (1000 buildings in case 2).  
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Table 3.2. Scaling coefficients for different parts of the MD module [7]. 

Component Scaling coefficient 

MD module 0.85 

Membrane 0.8 

Valves 0.6 

Control system 0.6 

Integration (DH)  0.6 

Installation 1 

Heat exchangers 0.8 

Pumps 0.6 

Tanks 0.6 

Piping 0.6 

  

3.3 Greenhouse Gas Emissions and Carbon Footprint 
When evaluating the possibilities of commercialization of the MD module, not only economical 
aspects should be taken into consideration but also the impacts the technology has on the 
environment. The environmental performance of the MD module is mainly dependent on the 
heat supply and the technology has therefore a potential to achieve high environmental 
performance utilizing renewable sources. For a given energy demand on an annual basis for the 
MD module and a specified mix of heat sources used for DH, the environmental impact of the 
MD module can be calculated. To evaluate the climate change impact from the MD module the 
carbon footprint per litre of purified water will be calculated, both for the DH in Germany and 
also the DH in Sweden, which utilize more renewable sources for comparison. 

This model only considers the emissions from fuel combustion and does not take into account 
the emissions generated during transport, production of fuels or components used in the MD 
system. The analysis is limited to only consider the emissions of the key greenhouse gases carbon 
dioxide (CO2), methane (CH4) and nitrous oxide (N2O) that arise from combusting fuels during 
the production of district heat. Emissions from the electricity used by the MD system is assumed 
to be negligible since the electricity consumption only constitute to approximately 0.33 % of the 
total system energy demand. Based on this, renewable fuels are not considered to have any 
impact on the environment in the analysis as they do not contribute to increase greenhouse gases 
like fossil fuels. Biofuels, however, emit CO2 during combustion but when assuming a long time 
perspective, biofuels can be assumed to be carbon neutral (have a net zero carbon footprint), and 
are therefore not taken into account [41]. It should be noted that renewable fuels also have 
negative impacts on the environment that are not included in this analysis. For example, 
production of biofuels risks threatening biodiversity and hydro power can degrade habitats for 
animals and plants [42].  
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The carbon footprint will be calculated per litre of purified water. Energy demand for the MD 
system, QMD, during a year is given by:  

𝑄�� 	= 𝑄iZS+ 	∗ 𝐴& ∗ 3600 ∗ 8760	    (3.15) 

Where Am is the membrane area of the MD system and QO HEAT is the heat demand for the 
reference MD module (see chapter 3.1).   

The amount of a specific fuel used to produce the energy required by the MD system is decided 
by fuels used for DH (both from CHP plants and DH stations) in Germany. Data for each fuel 
and its percentage of total fuels,	pfuel, is obtained from appendix I. The fuel combustion, Qfuel, 
for a specific fuel given an energy demand for the MD system can then be calculated according to 
the following equation: 

𝑄`�?v 	= 𝑄�� 	∗ 𝑝`�?v		    (3.16)  

Finally, the emissions from a given GHG when combusting a specific fuel is given by [43]: 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠¦i¦,`�?v = 𝑄`�?v 	∗ 	𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟¦i¦,`�?v	  (3.17)  

The emission factors for different fuels are given in table 3.3. The total amount of emissions 
from a given GHG is then defined as [43]: 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠¦i¦ = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠¦i¦,`�?v`�?v   (3.18)  

Table 3.3. Emission factors for stationary combustion in the energy industry (kg GHG per GJ) 
[43]. 

Fuel CO2  CH4 N2O 

Natural gas 64.2 0.003 0.0006 

Hard coal 
(Anthracite ) 

98.3 0.001 0.0015 

Lignite coal 
(Lignite) 

101 0.001 0.0015 

Non renewable 
waste/ waste heat 
(municipal wastes, 
non biomass 
fraction) 

91.7 0.03 0.004 

Bituminous coal 
(other bituminous 
coal) 

94.6 0.001 0.0015 

Heating oil 
(Gas/Diesel oil) 

74.1 0.003 0.0006 

Other fossil fuels 
(Other petroleum 
products) 

73.3 0.003 0.0006 
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Table 3.3 represent national default emission factors for stationary combustion in the energy 
industry. For each non-renewable fuel used for production of DH in Germany and Sweden there 
is an emission factor for CO2, CH4 and N2O listed in the table.  

The final step is then to convert the CH4 and N2O emissions to kg CO2 equivalent (CO2e) to 
evaluate the carbon footprint per litre for the MD system. One kg of CH4 and N2O is assumed to 
correspond to 25 kg CO2e and 289 kg CO2e, respectively [44, 45]. The CO2e is then divided by 
the annual permeate production according to equation 3.19. 

𝐶𝑂}𝑒/𝑙𝑖𝑡𝑟𝑒	 =
Z&V##VT>#���^	}¯	∗	Z&V##VT>#�°±^	}²³	∗	Z&V##VT>#´�µ

1�,�
	  (3.19) 

 

3.4 Market Survey Germany 
A preliminary market survey has been conducted to examine a first opinion and initial attitude for 
a group of Germans towards an MD-system being installed in the basement of their apartment 
building for drinking water purposes. The survey was conducted online through Google surveys 
and the target group was university students in the German city of Tübingen. Firstly, all the 
participants were asked for some general information such as date of birth, gender, occupation 
and city of residence to be able to evaluate if there was a difference in answers with regards to 
any of those factors. Secondly, the participants answered what their main source of drinking 
water is. The ones who answered tap water as main source of drinking water were asked why they 
choose tap water before other sources of water and if they would be willing to change their habit 
of drinking tap water to instead collect ultrapure water in the basement for drinking purposes. 
The ones who answered bottled water as main source of drinking water were asked why they do 
not drink tap water and if they would be willing to change their habit of drinking bottled water to 
instead collect ultrapure water in the basement for drinking purposes. 

3.5 Sensitivity Analysis 
In order to see how much the result from the cost analysis changes due to changes in input, a 
sensitivity analysis will be made. This analysis focuses on the time dependent parameters used in 
the cost model; the electricity price, the DH price, the interest rate, but also the capital 
investment. In each analysis the parameters will assume several different values, and the result on 
the unit cost of purified water will be noted.  

4 Results and Discussion 
In the following chapter the results are presented.  

4.1 MD System Design 
The system design used in the calculations for one module in one building is presented in table 
4.1 below. Since there is no data available for any commercial MD-system, several references 
have been examined to obtain an adequate design for the MD-system. From the desired permeate 
capacity the required membrane area was calculated and from this membrane area all the other 
components in the MD-system was determined, as explained in chapter 3.1. 
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Table 4.1. Components of the MD system design. 

MD system Quantity Unit 

Membrane 11.5 m2 

MD modules 5 Modules 

Valves 1 System 

Control system 1 Piece 

Integration (with DH) 1 Piece 

Installation 12 Hours 

Piping and tanks 1 System 

Heat exchangers 2.42 m2 

Pumps 2 Pieces 

Tanks 1 Piece 

 

The annual heat demand for one MD system was 38 325 kWh. This can be compared to the 
annual heat demand used for space heating from DH in one apartment building which is 11 000 
kWh/apartment and for an apartment building with 50 apartments the annual space heating is 
thus 550 000 kWh/year. The heat used for the MD-system is therefore relatively low in 
comparison to the space heating used in the building.  

The annual electricity demand for one MD system was 127.75 kWh and is miniscule relative to 
the electric power consumption in a single apartment and the whole building. As the average 
electricity use per capita in Germany is 7035 kWh/year the electricity demand for a single 
apartment with two people is 14 070 kWh/year and for the whole building with 50 apartments 
the electricity demand is 703 500 kWh/year. All these numbers are summarized in table 4.2. 

Table 4.2. Heat and electricity demand for MD-system, single apartment and whole building. 

 Heat demand Electricity demand 

MD-system 38 325 kWh 127.75 kWh 

Single apartment 11 000 kWh 14 070 kWh 

Whole building 550 000 kWh 703 500 kWh 

 

4.2 Cost Estimation 
Due to inadequate data and research available regarding the cost of an MD-system, several 
different studies have been examined with regard to the cost of an MD-system. The result is 
presented in table 4.3 which also show the costs that have been used in this study. 
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Table 4.3. Costs for different parts of the MD module.  

MD system Cost used 
in this 
study 

Cost presented 
by A. Kullab, 
A. Martin [15] 

Cost 
presented 
by F. 
Banat, N. 
Jwaied [48] 

Cost 
presented 
by S. Al 
Obaidani, 
et al.[49] 

Cost 
presented 
by D. 
Winter 
[7] 

Cost 
presented 
by J. Lee, 
W. Kim [38] 

Membrane $36/m2 290 SEK/m2 $36/m2 $90/m2 €35/m2 $36/m2 

MD modules  $600/unit 5000 
SEK/module 

N/A N/A €45/m2 N/A 

Valves  $14.4/syste
m 

2000 
SEK/piece 

N/A N/A N/A N/A 

Control 
system 

25% of 
equipment 
cost 

90 000 
SEK/system 

25% of 
equipment 
cost 

N/A N/A 25% of 
equipment 
cos 

Integration 
(with DH )  

$8460/integr
ation [46] 

N/A N/A N/A N/A N/A 

Installation  $45.756/h 
[47] 

350 SEK/h 25% of 
equipment 

N/A N/A 25% of 
equipment 

Piping and 
tanks 

$200/system 600 SEK/m 20 
000 SEK/piece 

$200/system N/A N/A $200 for a 
module with 
membrane 
area of 6.13 
m2 

Heat 
exchangers 

$100/m2 40 000 / 30 000 
SEK/piece 
(warm / cold) 

$1500 for a 
module with 
membrane 
area of 40 
m2  

$1540/ m2 €3000 (for 
50 kW/K) 

$100/m2 

Pumps  $300/unit 30 000 
SEK/piece 

$300/unit N/A N/A $700 for a 
module with 
membrane 
area of 6.13 
m2 
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Figure 4.1. Share of CAPEX for Case 1. 

 

 
Figure 4.2. Share of CAPEX for Case 2. 
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Figure 4.3. Share of OPEX for Case 1. 

 
Figure 4.4. Share of OPEX for Case 2. 
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Table 4.4. Unit cost of purified water for the different cases. 

Case Unit cost of purified water ($/litre) 

Case 1 0.0139 

Case 2 0.0111 

 

Table 4.4. shows the costs for one litre of purified water for case 1 and case 2 and figure 4.1 and 
figure 4.2 show the CAPEX for case 1 and case 2, respectively. Also, OPEX for case 1 and case 2 
are illustrated in figure 4.3 and figure 4.4, respectively. For more details of CAPEX and OPEX 
for case 1 and case 2 see appendix II. 

For case 1, the cost for one litre of purified water was $0.0139. The integration of DH has the 
largest share of CAPEX while heat have the, by far, largest share of OPEX. These two costs thus 
have the most influence on the unit cost of purified water and should be evaluated with extra 
consideration. It is important to remember though that the result for case 1 is not well 
representative for a commercial scale MD-DH system as it only considers one building. The 
economy of scale factor has a significant effect on the overall cost and should be considered 
when analysing a potential commercialization of the system. The result from case 1 could be 
important though as it can be used as a first testing of commercialization. Case 1 would then 
have the possibility of receiving input from the residents which could be used when evaluating 
and re-configuring the system and thus make improvements for a larger scale commercialization.  

The cost for one litre of purified water for case 2 was $0.0111. Due to economy of scale the cost 
is lower than for case 1 and by comparison of figure 4.1 and figure 4.2 it is possible to see how 
the economy of scale factor have an effect on the different cost distributions. The integration 
with DH have a smaller share of total CAPEX than MD modules in case 2 which is explained by 
the scaling coefficient. As the DH integration have a scaling coefficient of 0.6 and MD modules 
have a scaling coefficient of 0.85 the economy of scale factor have a larger effect on the DH 
integration and thus the share of CAPEX is reduced. Similar to the MD module, the membranes, 
which have a scaling coefficient of 0.8, claim a larger share of CAPEX in case 2 and the 
installation, which have a scaling coefficient of 1, also claim a larger share in case 2. The heat still 
claims the largest share of OPEX for case 2, as with case 1, but since labour was excluded for 
case 1, this cost will also claim a part of OPEX for case 2. Because case 2 is at commercial scale 
the cost can be compared to $0.3/litre, which is the price for bottled water in Germany. It should 
be noted though that the largest cost carrier is the integration with the DH-line which have not 
been tested thoroughly for a large scale project yet, hence there is no precise data for an 
estimation of this cost. However, the result from case 2 still show a significantly lower cost 
compared to bottled water which can be used as an argument to prefer the MD-DH purified 
water over bottled water.  

The cost for one litre of purified water, for both cases, are significantly higher compared to 
previous studies. Woldemariam obtained a cost of $6.35/m3 and Kullab and Martin 14-20 
SEK/m3. Both studies evaluated the cost based on a MD plant with a capacity of 10 m3/h. This 
could be explained by the high cost for integration of the DH line to CAPEX with contributions 
of 55.6% for case 1 and 20.6% for case 2, see figure 4.1 and figure 4.2, respectively. Another 
explanation could be that the capacity of the MD system in this study is significantly lower than 
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in previous studies, for case 1 the capacity of the MD system is approximately 0.04 m3/h and for 
case 2 the total capacity of the MD systems is slightly more than 4 m3/h. The economy of scale 
can thus not be fully exploited, not even in case 2 since there are several small systems and not 
one large system. For example, if the same capacity as in case 2 would be considered for a large 
MD plant instead of several small systems, the integration cost for DH would thus only occur 
once. This would result in a much lower unit cost of purified water.  

4.3 Greenhouse Gases and Carbon Footprint 
In this chapter the result from the GHG emission and carbon footprint analysis are presented.  

Table 4.5. Emissions of GHG from the MD system for German and Swedish DH. 

Source of water CO2  (kg) CH4 (kg)  N2O (kg) 

Water from MD supplied by German DH 8740 0.67 0.15 

Water from MD supplied by Swedish DH 4870 1.38 0.19 

 

Table 4.5 is showing how many kg of each GHG are emitted by the MD system during a year 
based on the system heat demand and the energy mix used to supply this heat. When using 
Swedish DH, the carbon dioxide emissions are almost reduced to half of the emissions using 
German DH.  

 
Figure 4.5. Carbon footprint per litre of purified water compared to bottled water.  

 

Figure 4.5 shows the evaluated carbon footprint or kg CO2e per litre of water produced by the 
MD system, depending on the energy mix used to supply heat to the system, and for bottled 
water. For detailed numbers of the calculated carbon footprint for the MD system, see appendix 
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III. The bars labelled “Sweden” and “Germany” shows the CO2 e /litre for water from the MD 
system supplied by heat from Sweden and Germany, respectively. For comparison the bars 
labelled “Bottled water” and “PET bottle” are added, showing the CO2e/litre for the life cycle of 
bottled water and for the PET alone.  

The Swedish energy mix, see figure 2.4, have a larger share of renewable energy sources than 
Germany, see figure 2.5, thus it could be seen as the Swedish energy mix is a future scenario of 
German district heating. When purifying water with a MD system using the Swedish energy mix 
for DH instead of the German energy mix, the carbon footprint decreases by 44 %. Switching 
from bottled water to water purified by MD would thus lead to a decrease in CO2e by 89 % and 
94 % for German and Swedish DH supply, respectively, if compared with the full life cycle of 
bottled water. Compared to the PET bottle alone a significant decrease will still be obtained, of 
77% and 87 % for German and Swedish DH, respectively. This indicates that MD water is a 
much more environmentally sustainable option than bottled water. It should be noted, however, 
that this comparison is has limitations in the model used to calculate the carbon footprint for the 
MD system. When evaluating the carbon footprint for the MD system several activities that 
contribute to emissions was not considered, for example production of all materials, 
transportation of materials, transportation of fuels etc. These result should thus only be viewed as 
a first indicator of the environmental impact. 

4.4 Market Survey Germany 
Data from 31 persons was collected in the relatively small survey where all answers came from 
university students from the German city of Tübingen or its surroundings. A great majority 
(90%) of the answers came from people between the age of 20-26. A majority (71%) answered 
that they drink tap water as their main source of drinking water where the main reason for 
drinking tap water was because of convenience, followed by more environmentally friendly (less 
plastic bottles) and because of habit. For the ones who mainly drank water from bottles (29% of 
the answers) the taste of the water was the main reason, followed by a habit of buying and 
drinking bottled water. A majority (56%) of the ones who mainly drank bottled water would be 
willing to change their habit and instead collect and drink water purified from an MD-unit in the 
basement of their building if the price was the same or cheaper than bottled water. For the 
specific questions in the survey and all the answers see appendix IV. It is to be noted that the 
quantity of the survey is small and only gives a brief overview of the attitude of water distilled 
with MD-technology for a specific group of people. The survey should only serve as a first 
outlook for more thoroughly studies and should not be used as basis for a market analysis. But 
the survey does, to an extent, explain that the market of bottled water in Germany is substantial 
due to taste preferences and habits or social norms.  

4.5 Sensitivity Analysis 
In figure 4.6 the results from the sensitivity analysis is shown. The graphs show how much the 
unit cost of purified water changes when one of the parameters (electricity price, DH price, 
interest rate and CAPEX) changes by a certain percentage. The DH price has the largest effect 
on the unit cost of purified water, followed by CAPEX, interest rate and lastly the electricity 
price. 
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Figure 4.6. Results from the sensitivity analysis.  

5 Conclusion and Future Work 
From the results, membrane distillation integrated with district heating have proven to be a viable 
alternative for bottled water, both from an economical and environmental perspective. The 
results from both cases showed a lower cost for MD purified water compared to bottled water, 
thus giving the MD technique a economical advantage over bottled water. Furthermore, from the 
market survey a positive attitude was found for MD purified water among those drinking mainly 
bottled water, if the price for MD water was equal to or lower than bottled water. These results 
thus show that the MD technique has the possibility of being commercialized. 

From an environmental perspective, MD purified water seem preferable to bottled water due to 
less CO2e emissions but it is important to take into consideration the limitations of the analysis 
in this study. The emissions of the MD-unit are only considered during the operation and not 
during manufacturing, transportation, assembly, installing and the dismantling. A more thorough 
assessment of the life cycle of the MD-system and its emissions is therefore needed to completely 
evaluate the environmental impact of an MD-system. But as a first outlook the MD-system seem 
like the better alternative, especially when considering that the amount of plastic in the ocean 
would decrease with a decreased consumption of bottled water. This also improves the possibility 
for the MD technique to be commercialized, since environmental sustainability is of great 
importance. 
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When larger scale is considered due to economy of scale the cost per purified litre of water is 
reduced according to this thesis. This could be a reason for future studies to focus on large scale 
MD systems in order to reduce the specific cost. The results also showed that the heat demand is 
the dominating cost bearer and in order to reduce the operating expenses, measures need to be 
taken for the module´s energy efficiency. Also, further cost analysis is of importance as a majority 
of the studies in the field use costs based on previous reports which are dated from several years 
ago, as does the costs used in this study. Preferably, data and quotations from potential vendors 
would be used in future work to determine updated and actual costs which could then be 
compiled to perform similar calculations as in this study.  
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Appendix I 
Production of DH in Germany in 2015. 

Fuel  CHP (%) District heating 
stations (%) 

Total (pfuel) (%) 

Natural gas 30.4 50 35.888 

Hard coal 29.6  8.3 23.636 

Lignite coal 9.9  0 7.128 

Biomass and 
renewable waste 

17.1 13.9 16.204 

Non-renewable 
waste, waste heat 

11.1 21.2 13.956 
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Appendix II 
 

CAPEX Case 1 Amortized cost ($) 

MD-module 269.82 

Membranes 93.00 

Valves 1.30 

Control system 100.53 

Integration (DH line) 760.90 

Installation 49.38 

Piping and tanks 17.99 

Heat exchangers 21.80 

Pumps 53.96 

  

TOTAL 1 368.68 

 

CAPEX Case 2 Amortized cost ($) 

MD-module 95 736.92 

Membranes 23 359.44 

Valves 81.72 

Control system 6 342,76 

Integration (DH line) 48 009.65 

Installation 49 384.14 

Piping and tanks 1 134.98 

Heat exchangers 5 475.20 

Pumps 3 404.94 

  

TOTAL 232 929.76 
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OPEX Case 1 Yearly cost ($) 

Heat 3 535.48 

Electricity 37.87 

Labour Excluded for Case 1 

Insurance 17.87 

Service & 
maintenance 89.33 

Chemicals 35.73 

  

TOTAL 3 716.28 

 

OPEX Case 2 Yearly cost ($) 

Heat 3 535 481.25 

Electricity 37 868.93 

Labour 82 726.85 

Insurance 18 280.39 

Service & 
maintenance 91 401.93 

Chemicals 36 560.77 

  

TOTAL 3 802 320.11 
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Appendix III 
Carbon footprint per litre of purified water by the MD system. 

Source of water kg CO2e / litre 

Water from MD supplied by german DH 0.024 

Water from MD supplied by swedish DH 0.014 
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Appendix IV 
Questions and answers from the market survey.  
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