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Abstract 
 

The European Union has placed a high priority on reaching the goals described in 

the 2030 Agenda for Sustainable Development. This aim has provided added 

momentum to member-state environmental regulatory authorities to further tighten 

the discharge limits of industrial wastewater. These measures strongly influence 

existing industrial practices as many traditional wastewater treatment methods 

cannot achieve these strict release limits. Moreover, industrial sectors are 

encouraged to employ a zero liquid discharge strategy for advanced wastewater 

management, particularly for process water reuse. Emphasis is thus now placed on 

improved water treatment systems to recover, reuse and release water in a manner 

that protects natural resources, guarantees stringent regulatory constraints and 

ensures financial viability. In this context membrane distillation (MD) is a 

promising industrial wastewater treatment technology capable of meeting these 

requirements while utilizing low-grade heat sources. 

  

This thesis focuses on experimental investigations and techno-economic analysis of 

waste heat driven MD systems for water purification in two water-intensive 

industries: nano-electronics facilities and cogeneration plants. Samples collected at 

relevant facilities were tested in an air gap MD bench unit and a semi-commercial 

pilot plant, with a focus on separation efficiency and potential for achieving high 

recovery ratios.  For the techno-economic analysis of the industrial scale system, 

the performance of the chosen semi-commercial unit was considered to evaluate the 

full-scale system operation in terms of thermal energy demand and expected water 

purification cost.  Various thermal integration approaches were investigated while 

considering locally available heat sources to realize the energy requirements of the 

specific MD system.  The selected case studies include: removal of 

tetramethylammonium hydroxide (TMAH) from photolithography process 

wastewater in nano-electronics industries; treatment of chemical mechanical 

planarization (CMP) process wastewater in nano-electronics industries; and water 

recovery through advanced flue gas condensate treatment from municipal solid 

waste incineration and biofuel fired cogeneration plants. 

 

The results from nano-electronics wastewater treatment tests showed that high-

quality permeate could be recovered while observing good to excellent separation 

efficiencies of analyzed contaminants. Moreover, the proposed advanced flue gas 

condensate treatment is also proved successful while removing the pollutants up to 

the concentration levels of parts per billion. The proposed pretreatment step, pH 

adjustment of MD feeds, enhanced ammonia removal efficiency in all cases. 

Compared to current practices, the separation efficiencies of the considered MD 

based processes are improved. The simulation results indicate that the required 

thermal energy for operating large scale MD systems is readily available via 

internal waste heat sources of nano-electronics facilities for handling typical 

volumes of the mentioned wastewaters. In cogeneration plants, district heating 

supply and return lines are well suited as the heat source and heat sink to manage 
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industrial-scale MD systems effectively. The process economy shows that the unit 

water treatment cost is mainly constrained by thermal energy cost. In case when the 

price of heat is considered negligible, the unit water treatment cost is significantly 

lower than the competing technologies. 

 

Keywords: Membrane Distillation, Experimental investigations, Techno-economic, 

Wastewater, Flue gas condensate, Waste heat, District heating, Nano-electronics, 

Cogeneration, Sustainable development  
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Sammanfattning  
  

Den Europeiska Unionen har lagt högt prioritet på uppfyllelsen av de målen som 

finns i 2030 Agenda för Hållbar Utveckling. Denna ambition har gett ytterligare fart 

till medlemsländernas miljöförvaltningar för att strama åt utsläppsnivåer av 

industriella avloppsvatten. Dessa åtgärder har stor betydelse för existerande 

förhållningssätt i industrin eftersom många traditionella metoder för rening av 

avloppsvatten når inte de åtstramade utsläppsnivåerna. Dessutom finns det en 

uppmaning hos industrin att implementera strategier för noll utsläpp, framför allt 

för återanvändning av processvatten. Betoningen ligger på förbättrad 

vattenreningsteknik för återhämtning, återanvändning och utsläpp av vatten på det 

sättet som skyddar naturresurser, garanterar tuffa miljölagstiftningar och 

säkerställer ekonomin. I detta sammanhang är membrandestillering (MD) en 

lovande teknik för rening av avloppsvatten och är kapabel att bemöta dessa krav 

genom utnyttjandet av låg-temperatur värmekällor.  

 

Denna avhandling fokuserar på experimentella undersökningar och tekno-

ekonomiska utvärderingar av spillvärmedrivna MD-system för vattenrening i två 

vattenintensiva industrier: nano-elektronisk tillverkning och kraftvärmeverk. 

Vattenprover hämtade från relevanta anläggningar testades i en luftspalt MD rigg i 

bänkskala och hos en halv-kommersiell pilotanläggning, med fokus på 

separationsverkningsgrad och möjligheten att nå en hög grad av uppkoncentrering. 

För den tekno-ekonomiska analysen av ett system i industriellt skal undersöktes 

prestandan hos den valda halv-kommersiell enhet för att utvärdera drift i fullt skal 

gällande termiskt energibehov och förväntad kostnad för renat vatten. Olika 

termiska integreringssätt utvärderades med hänsyn till lokala värmekällor för att 

tillgodose energibehoven hos det specifika MD-systemet. De valda fallstudierna 

omfattar: avskiljning av tetrametylammonium hydroxid (TMAH) från 

fotolitografiska avloppsvatten i nano-elektronisk tillverkning; behandling av 

kemisk-mekanisk utjämning (CMP) avloppsvatten i nano-elektronisk tillverkning; 

och uppkoncentrering genom avancerad rening av rökgaskondensat från 

kraftvärmeverk med hushållsavfall och biobränsle som energikällor.  

 

Resultat från rening av avloppsvatten hos nano-elektronisk tillverkning visade att 

permeat med hög kvalité kunde åstadkommits med hög separationsverkningsgrad 

hos de analyserade föroreningarna. Det föreslagna systemet för rening av 

rökgaskondensat var också framgångsrikt med avskiljning av föroreningar upp till 

miljarddelar. Förbehandlingen genom pH-justering av råvattnet ledde till förbättrad 

ammoniak-avskiljning i alla fallstudier. I jämförelse med dagens tekniker fanns det 

en förbättring med MD-teknik gällande separationsverkningsgrad. Resultaten från 

simuleringar för nano-elektronisk tillverkning visade att den nödvändiga 

termiskenergin finns tillgänglig för MD-system i stort skal genom utnyttjandet av 

intern spillvärme. Hos kraftvärmeverk passar fjärrvärmeledning och –returlinjor bra 

som värmekällor respektive värmesänka. Processekonomin visar att kostnaden för 

renat vatten är mest beroende av kostnaden för värmen. I de fall där 
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värmekostnaden är noll ligger reningskostnaden mycket lägre än konkurrerande 

teknik. 

 

Nyckelord: membrandestillering, experimentella undersökningar, tekno-ekonomin, 

avloppsvatten, rökgaskondensat, spillvärme, fjärrvärme, nano-elektronik, 

kraftvärme, hållbar utveckling   
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Chapter 1 Introduction 

Water is one of the key pillars of sustainable development. However, the 

continuously increasing world population and changing consumption patterns place 

extreme pressure on finite, vulnerable water resources. Additionally, the water 

footprint of the industrial sector continues to grow exponentially in concert with 

rapid economic development, which puts substantial demand for fresh water 

supplies. Figure 1.1 shows the projected water scarcity in 2040.  According to one 

estimate, industries account for about 19% of total water extractions [1]. Industries 

use freshwater in several steps of the particular operations, including fabrication, 

processing, washing, diluting, cooling, or transporting a product. Moreover, water is 

also needed in energy utilities, for cooling and space heating. Along with 

consuming enormous volumes of freshwater, industries also generate wastewater 

containing contaminants from chemicals used during the production process. As 

stated in the United Nations Environment Programme (UNEP) Report, 300-400 

million tons of heavy metals, toxic sludge, solvents, and other pollutants are 

released each year from industries, many of which are later discharged to 

freshwater bodies [2]. This ultimately raises concerns about sustainable 

development.  

 

 
Figure 1.1 Projected water stress in 2040 [3] 

According to the United States Environmental Protection Agency (EPA), two of the 

leading industrial sectors in terms of high water demand are electronics 

manufacturing and heat and power generation [4]. To put this into perspective: a 

typical nano-electronics fabrication facility (fab) consumes up to 40 kg of fresh 

water per cm2 of silicon processed [5] and solid-fueled power plants (steam-

Rankine cycle) require 100 kg of freshwater per kWh electricity [6]. Subsequently, 

these industries generate a corresponding amount of wastewater, which mainly 

include metallic, acidic and alcoholic compounds and nano-particles. Strict 
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environmental regulations embodied in UN sustainable development goals (SDGs) 

6 (Clean Water and Sanitation), 9 (Industry, Innovation, and Infrastructure) and 12 

(Responsible Consumption & Production) mandate the use of advanced pollution 

controls to realize tightened discharge limits of industrial effluent. Moreover, 

industries are recommended to adopt a zero liquid discharge (ZLD) approach for 

advanced water management. In the nano-electronics sector, the focus is to improve 

wastewater treatment systems for ensuring high environmental performance, along 

with the reduction of wastewater volumes. In combined heat and power (CHP) 

plants, the emphasis is placed on advanced methods for flue gas condensate 

cleaning for the elimination of toxic compounds in effluents, including recovery for 

boiler make-up water. 

Industries have considered various technologies for treating industrial effluents 

involving either mechanical, electrical or thermal separation. Membrane separation 

methods are widespread due to their outstanding performance and other favorable 

traits. The conventional membrane technologies include reverse osmosis (RO), 

micro-filtration (MF), ultra-filtration (UF), nano-filtration (NF) and pervaporation 

[7]–[9]. Among them, RO is a proven and well-established technology and is 

typically considered the core of a water treatment system. However, many 

fundamental shortcomings are associated with RO based systems which are yet to 

be overcome [10]. For instance, RO has comparatively higher electrical energy 

demand to manage high operating pressures. The necessarily-high mechanical load 

subsequently reduces membrane performance efficiency. Moreover, RO requires 

harsh pretreatment chemicals for countering bio-fouling on membrane surfaces. 

Furthermore, RO cannot efficiently handle certain high-concentration feedstocks 

due to some practical constraints, mainly, limitations associated with higher 

pressure levels. Additionally, many RO applications struggle with sludge disposal 

problems, which are required to be resolved by improving the water recovery ratio 

in order to minimize sludge volumes. Hence alternative membrane techniques are 

of high interest, which may retain the advantages of the established methods while 

enhancing robustness, achieving high recovery ratios, reducing electrical energy 

demand, minimizing chemical requirements, decreasing sludge volumes, 

diminishing bio-fouling issues, and simplifying process integration. 

In this context, membrane distillation (MD) is a promising technology with highly 

favorable water purification characteristics.  MD employs a hydrophobic membrane 

to allow only water vapor and volatiles (if present) to pass through the membrane 

pores while leaving behind the dissolved contaminants in the feed solution [11]. 

The vapor transport is primarily driven by the temperature difference between the 

feed and permeate sides. The process theoretically provides complete removal of 

non-volatiles, including cells, metals, ions, macromolecules and colloids. It 

typically operates at lower temperatures than the conventional distillation and much 

lower pressure than the RO process [12]. Additionally, MD has other potential 

advantages compared to RO as follows: (1) improved separation efficiency; (2) 

higher recovery ratios; (3) reduced fouling issues; (4) lower mechanical stress; (5) 

less-sensitivity to fluctuating concentration levels; (6) lower electricity demand; (7) 
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highly concentrated retentate; and (8) reduced capital expenditures. These attributes 

ensure enhanced performance of MD technology as compared to RO-based 

alternatives. 

Since MD is a thermally driven process, the principal challenge for realizing its 

industrial applications is linked with high thermal power demand and concurrent 

operational expenses that limit the technology's commercialization. Nonetheless, a 

considerable amount of sustainable, affordable and locally derived waste heat is 

available in numerous industries and can offer MD scope to showcase its potential. 

To this end, it is also necessary to draw attention to thermal integration with due 

consideration of thermal energy supply from heat sources along with dissipation to 

heat sinks for the specific application. Utilization of locally available energy (waste 

heat) sources for driving an MD system can not only treat wastewater within or 

beyond the governing environmental regulations but can also enhance sustainability 

and potentially reduce carbon dioxide emissions for a particular process. This 

situation results in a dual benefit in terms of ecological aspects. 

1.1 Research objectives and questions 

The main aim of this research is to introduce and evaluate waste heat driven 

membrane distillation for industrial wastewater treatment in nano-electronics 

manufacturing facilities and cogeneration plants.  In alignment with the primary 

aim, the sub-objectives are defined including: 

1) Identification of potential wastewater treatment applications of MD 

technology in nano-electronics industries and cogeneration plants, and 

thorough understanding of the types of locally available waste heat sources 

applicable to industrial-scale MD based processes;   

2) Characterization of single-cassette laboratory-scale and multi-cassette 

pilot-scale air gap MD facilities in terms of their technical performance for 

different feedstocks obtained from nano-electronics and cogeneration 

facilities while varying operating conditions; 

3) Techno-economic assessment of thermal integration options for industrial-

scale MD systems for effluent treatment in selected industries. 

Within the defined scope of the aforementioned aim and sub-objectives, three 

research questions were posed as follows: 

 

1) What are the separation efficiencies of the MD systems for various 

contaminants considering the selected wastewaters as feedstocks? Is there 

a need for any other complementary pretreatment or post-treatment 

processes for complete separation?  
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2) What are product yield, specific thermal and electrical energy demand and 

exergy efficiency, and how is the energy distributed and exergy destroyed 

by different components of the system?  

3) Are the proposed waste heat driven MD systems technically viable and 

have economic superiority for the industrial effluent treatment compared 

with existing systems? How do different techno-economic parameters 

affect the process economy? 

1.2 Contributions to state of the art 

Taking the above-mentioned research objectives and questions into consideration, 

contributions of this thesis linked to the appended papers are summarized in Table 

1.1. 

Table 1.1 Summary of the main contributions of the papers appended in this thesis 

 Papers I, II, IV and V 

Research topic Introduction of MD systems in water-intensive industries 

Contributions to  

state of the art 
 Exploration of photolithography and chemical mechanical 

planarization wastewaters treatment as the potential 

applications for MD technology in nano-electronics 

facilities  

 Comparison of flue gas condensate treatment in municipal 

solid waste incineration and biofuel-fired cogeneration 

facilities using MD systems 

 Inspection for required pre/post-treatment steps and 

determination of potential mechanisms attributed to the 

separation of contaminants 
 Yield, energy  and exergy analyses of the MD systems for 

different conditions 

 Papers I, III, IV and V 

Research topic Techno-economic system analysis of thermally integrated 

industrial-scale MD for wastewater treatment in nano-

electronics and cogeneration facilities  

Contributions to 

state of the art 
 Identification and comparison of locally available waste 

heat sources applicable for thermal integration with MD in 

nano-electronics and cogeneration facilities 

 Process design of thermally integrated industrial-scale MD 

based systems for particular applications according to the 

requirements of generic nano-electronics and cogeneration 

facilities 

 Economic assessment of thermally integrated MD systems 

at different scales for retrofitted and new wastewater 

treatment facilities  
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1.3 Outline of the thesis 

The thesis is divided into six chapters, as follows: 

Chapter 1 states the context and motivation for this research work and includes 

objectives, research questions, a summary of the main contributions to state of the 

art and an outline of the thesis report. 

Chapter 2 provides a review of membrane distillation technology, along with 

specific industrial applications under consideration.  

Chapter 3 presents the methodology of the thesis for performed experimental and 

techno-economic studies. 

Chapter 4 includes the experimental investigation of membrane distillation for the 

treatment of different wastewaters released from the nano-electronics 

manufacturing facilities. This chapter also consists of the techno-economic 

feasibility of locally available waste heat driven membrane distillation for 

wastewater treatment in nano-electronics industries.  

 Chapter 5 explores the competitiveness of membrane distillation versus 

conventional approaches for water recovery from flue gas condensate in municipal 

solid waste and biofuel-fired cogeneration plants. This chapter also covers the 

techno-economic system analysis of district heating driven MD for advanced flue 

gas condensate treatment in cogeneration plants. 

 

Chapter 6 provides a conclusion and future outlook. 
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Chapter 2 Context and literature review 

This chapter provides an overview of the membrane distillation technology, 

including its industrial applications. Background of the industries under 

consideration, their wastewater streams and locally available waste heat sources are 

also presented.  

2.1 Membrane distillation 

In 1963, Bruce R. Bodell [13] introduced a system based on the air-filled porous 

hydrophobic membrane for converting the non-portable liquids to drinkable water. 

However, the research did not publish the membrane geometry and structure and 

did not quantify the results. Later, in 1967, Peter K Weyl  [14] investigated the 

polytetrafluoroethylene (PTFE) hydrophobic membrane (thickness: 3.2 mm, pore 

size: 9 mm and porosity: ~ 42 %) to improve the efficiency of water desalination. In 

the same year, Findley [15] was the first to publish the fundamental principles and 

outcomes of direct contact membrane distillation. However, in the mid-1980s, with 

the introduction of highly porous hydrophobic materials, the interest in membrane 

distillation technology was boosted substantially [16]. Lawson et al. [17], Alklaibi 

et al. [18],  Tomaszewska et al. [16], Drioli et al. [19]–[21], El-Bourawi et al. [22], 

Alkhudhiri et al. [23], Khayet et al. [24], [25], Wang et al. [26], Thomas et al. [27] 

and Tibi et al. [28] have presented detailed reviews on membrane distillation (MD), 

including its development, membrane properties and potential applications. These 

studies show that MD technology has been investigated at the academic level quite 

extensively, where publications regarding experimental studies are mostly focused 

on the development of membrane materials and parametric investigations. 

However, very few are related to industrial applications of MD technology, 

although the process has been known for more than forty years.  

2.1.1 Working principles 

Membrane distillation, a non-isothermal membrane separation process, presents a 

two-fold barrier during purification:  membrane hydrophobicity that provides high 

recovery ratios with high-quality permeate production; and separation owing to 

differentiation in the volatility of various contaminants. The term ‘membrane 

distillation’ is originated from a conventional distillation process modified with 

membrane separation. The main driving force is the temperature difference across 

the membrane, which ultimately creates a vapor pressure difference between the 

feed and the permeate sides of the membrane [23]. The MD feed operating 

conditions are usually temperature in the range of  50-90°C and ambient pressure 

[18], [21], [23].   The water transport in the MD system can be summarized in three 

stages: (1) vapor gap is formed at the interface of hot feed solution and membrane 

surface; (2) water vapor is transported through the hydrophobic membrane; (3) 

water vapor is condensed at the interface of cold side membrane and permeate 

solution [29]. The involved phase separation in the MD process is attributed to the 

vapor-liquid equilibrium, where the latent heat of evaporation/condensation induces 
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the phase change process [30]. During the process, the latent heat associated with 

permeate vapor dissipated on the other side of the membrane to the cold stream.  

The mass transfer phenomenon in the MD process is governed by three principal 

mechanisms: Poiseuille flow (viscous flow), Knudsen diffusion and molecular 

diffusion. Consequently, specific resistances are associated with the momentum 

transfer to the membrane (viscous resistance), with the membrane itself (Knudsen 

resistance) and with the collision of molecules (molecular resistance). The 

concentration boundary layer and surface resistances are usually negligible during 

the mass transfer phenomenon.  In contrast, the thermal boundary layer 

significantly affects mass transfer in the MD process [20], [23]. Figure 2.1 presents 

mass transfer resistances in the MD process. 

 
Figure 2.1 Mass transfer resistances in MD [23] 

In the MD separation process, heat transfer through the membrane occurs through 

two parallel mechanisms: latent heat and conduction heat transfer [23], [31]. As a 

result, different heat transfer resistances are experienced during the heat flow, as 

demonstrated in Figure 2.2. 

 
Figure 2.2 Heat transfer resistances in MD [23] 

2.1.2 Membrane materials and properties 

The primary purpose of the MD membrane is to transport vapor with no wetting 

and minimal resistance [32]. In this regard, it was found that macro-porous 

materials with high porosity and open-cell pore structures with low tortuosity help 

to mitigate vapor transfer resistance [33]. Thus, the product flux is directly 

proportional to the porosity and pore size; however, it is inversely proportional to 

the tortuosity and membrane thickness. Moreover, the temperature polarization 

effect is linked to the thermal conductivity of the membrane material. By increasing 
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the porosity and pore-size, the thermal conductivity of the membrane is reduced due 

to the air captured inside the polymer matrix. This leads to a reduction in 

conductive heat transfer through the membrane. On the contrary, the convective 

heat transfer associated with the transmembrane flux increases across the 

membrane. Furthermore, high hydrophobicity, small pores and high tortuosity 

contribute to the anti-wetting properties [32], [34]. Therefore, for an effective MD 

application following properties of the membrane material are suggested [33], [34]: 

 

1. Moderately small pore size (0.1-1µm) 

2. High porosity (80-90%) 

3. Low tortuosity factor (1-3) 

4. Adequate chemical, thermal and physical resistance 

5. Reasonable liquid entry pressure (LEP, 2.5 bar) and contact angle (>105○) 

6. Long term stability 

7. High heat transfer and low mass transfer resistances 

8. Reduced thickness  (10-200 µm)  

 

Considering these properties, polymeric materials are generally used owing to their 

low cost and ease in manufacturing [28]. (Presently, membranes composed of 

ceramics, metals and carbon nanotubes are also under consideration for this purpose 

[35]–[38].) Commonly applied membrane materials are polytetrafluoroethylene 

(PTFE), polyethylene (PE), polypropylene (PP), polyvinylidene fluoride (PVDF), 

and perfluoroalkoxy alkanes (PFA) [39]–[44]. 

Hollow fiber and flat-sheet membrane geometries are traditionally used in MD 

modules [26], [42], [45]. The hollow fiber module has a very high packing density. 

It has a large membrane active area with a compact structure that makes it favorable 

for commercial usage. On the other hand, plate and frame modules can easily be 

constructed and cleaned, but they have lower packing density than the hollow fiber 

modules [46]. However, the active membrane area can be increased while 

introducing layers of flat-sheet MD membranes. The damaged membranes are 

readily detachable in the flat-sheet modules; therefore, it is widely employed for 

both laboratory and industrial-scales applications [42].  

2.1.3 MD module configurations 

Apart from different membrane geometries, there are also various primary module 

configurations that can be categorized based on the way of vapor condensation in 

the permeate side. Figure 2.3 and Figure 2.4 present different primary and modified 

types of MD module configurations. 

 In direct contact membrane distillation (DCMD), the hot feed is in direct 

contact with the feed side of the membrane, and vapor passing through the 

membrane condenses on the cold permeate side inside the module.  

DCMD gives a considerably high permeation flux with low energy 



Imtisal-e-Noor, Doctoral Thesis-2021 

10 

 

efficiency, a drawback linked to heat losses due to conduction. [21], [41], 

[47]. 

 

 In air gap membrane distillation (AGMD), the hot feed is in direct contact 

with the membrane, but stagnant air is introduced between the membrane 

and condensation surface to reduce the heat loss. The vapor condenses on 

the cold condensation surface. Due to the air gap, additional mass transfer 

resistance is experienced in this structure. [23], [34], [48]. 

 

 In sweeping gas membrane distillation (SGMD), the cold, inert sweeping 

gas is introduced at the permeate side, which reduces the heat loss and 

enhances the mass transfer coefficient. Condensation of water vapors takes 

place outside the membrane module. The drawback involves in this 

configuration is the diffusion of a small volume of permeate in a high 

volume of sweep gas. [34], [49]. 

 

 In vacuum membrane distillation (VMD), a pump is used to form a 

vacuum at the permeate side, whereas the condensation happens outside 

the module, and heat loss is insignificant due to conduction. However, a 

high risk of pore wetting is associated with VMD configuration [32], [34], 

[48]. 

 

 In thermostatic sweeping gas membrane distillation (TSGMD), a 

combination of AGMD and SGMD is considered. Here, sweep gas is 

introduced in the air gap between the membrane and condensation surface. 

Vapors are partially condensed on the condensation surface inside the 

membrane module as in AGMD and partially on the external condenser as 

in SGMD [25], [50]. 

 

 In material gap membrane distillation (MGMD), different materials, e.g., 

polyurethane or polypropylene, can be introduced in the air gap to 

overcome the inherent disadvantage of AGMD (lower permeation flux due 

to stagnant air). It can be observed from the literature that the permeation 

flux rate is increased by 200-800 % [51]. 

 

 In osmotic membrane distillation (OMD), the concentration gradient 

across the membrane is owing to the stripping solution at the permeate 

side. The permeate is continuously drawn by the stripping solution. The 

OMD process is isothermal and operates at a much lower temperature 

(nearly ambient temperature) than conventional MD configurations [11]. 
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 Figure 2.3 Four primary MD configurations a) DCMD, b) AGMD, c) SGMD, 

d)VMD 

 
 

Figure 2.4 Modified MD configurations e) TSGMD, f) MGMD, g) OMD 
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2.1.4 Integrated MD module configurations 

For providing the required driving force to produce and transport permeate vapors, 

most single-stage  MD modules have a thermal energy demand of around 1200 

kWh/m3 with associated gained output ratios of less than unity [24]. (Gained output 

ratio can be defined as a ratio of latent heat of evaporation associated with 

transmembrane flux to the input thermal energy of the MD system.) The thermal 

performance of the MD system can be improved when the concept of internal heat 

recovery is adopted while adding stages in series (cascading), employing thermal 

storage to recover surplus energy, using concentrate recycle loops, or recovering 

dissipated heat. Therefore, extensive work has been done to introduce multi-effect 

membrane distillation (MEMD) configuration, which involves the heat recovery 

system that gives better thermal efficiencies. MEMD usually considers primary MD 

configurations (DCMD and AGMD) combined with an internal heat recovery 

system. In these configurations, the GOR values can be increased up to 20 [52]. It is 

claimed by Memstill® after pilot trails that only 56-100 kWh/m3 has been consumed 

while using spiral-wound design [53]. The concept of Scarab Development AB 

(Sweden) includes the plate and frame design, and with a single-module thermal 

energy demand was 600-1000 kWh/m3 [47], [54]. Memsys designed a vacuum 

multi-effect membrane distillation (VMEMD) configuration that follows the 

comparable model as MEMD except for high vacuum utilization. This VMEMD 

uses a plate and frame module and involves multiple evaporator-condensation 

stages with an external heater and condenser. Memsys claimed it to consume 

specific thermal energy of 175-350 kWh/m3 with GOR of up to 3.6 [42], [55], [56]. 

The reported specific electrical energy demand of MD systems typically varies 

from 0.3-3 kWh/m3 depending upon MD feed flow rates and different system 

configurations [54], [57]. Figure 2.5 shows an example of a vacuum multi-effect 

membrane distillation configuration, and Table 2.1 presents commercial MD 

modules.  

 
 

Figure 2.5 VMEMD configuration (adapteded from [29]) 

Heating Element 

Heating Element 
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Table 2.1 Commercial MD systems [27] 

Technology 

developer 

Technology/system MD configuration and 

membrane geometry 

Scarab Development 

AB, Sweden 

Xzero system AGMD (flat-sheet) 

Solar Springs GmbH, 

Germany  

A spin-off from Fraunhofer Institute 

for solar energy systems 

AGMD (spiral-wound) 

TNO, Netherlands  Memstill promoted by Aquastill, 

Keppel Seghers and Bule Gold 

technologies 

DCMD and AGMD 

(spiral-wound and flat-

sheet) 

Memsys GmbH, 

Germany  

Licensed to Aquaver. New Concept 

Holdings Limited acquired assets of 

Memsys in 2016 

VMEMD (flat-sheet) 

KmX Corporation, 

Canada  

Aqua-sepTM technology  VMD (hollow-fiber) 

2.2 Potential low-grade heat sources 

MD operates at lower temperatures, yet it has comparatively higher thermal energy 

demand than other membrane techniques. Therefore, it is instructive to couple MD 

with the inexpensive low-grade heat sources for fulfilling the thermal energy 

requirement of the operation while making the technology sustainable, 

environmentally friendly and profitable [12], [58]. Potential low-grade heat sources 

for thermally integrated MD systems include solar energy, geothermal energy and 

waste heat.  

2.2.1 Solar energy  

For the last few decades, solar-powered MD systems are the most investigated 

integrations for desalination purposes where different MD module configurations 

were considered, including DCMD, AGMD and VMEMD [59], [60]. Different 

geometries of solar collectors have been employed for this purpose:  flat plate [60]–

[63]; evacuated tube [59], [64], [65]; compound parabolic [60], [65]; solar still and 

solar pond [66]–[68]. These solar collectors can either be connected with MD via a 

single loop or two loops [61], [69]. In some studies, along with solar thermal 

collectors, photovoltaic (PV) panels are also integrated with the MD systems to 

provide electrical energy for the pumps and other usages [61], [69], [70]. The 

examined solar-powered MD plants have a capacity of few liters per day to 

10 m3/day where the heat is supplied at low temperature (50-85°C) [59], [62], [69]. 

The reported levelized cost of water (LCOW) ranged from 5-85 $/m3 when solar-

powered MD systems were used [27], [71].  For small-scale application and remote 

areas, solar-powered MD systems are quite competitive to comparative 

technologies; however, its commercialization for industrial applications is very 

limited due to low flux, large collector area requirement and the intermittent nature 

of solar radiation.  
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2.2.2 Geothermal energy 

In contrast to solar energy, there is a negligible daily or seasonal shift associated 

with a geothermal energy source; however, it is quite variable depending upon the 

geographical location. There are very few studies that presented the concept of 

either geothermal energy driven MD system or MD for geothermal water 

purification using DCMD, AGMD and VMD [72]–[75]. Geothermal energy driven 

MD systems are specified for the locations where geothermal fields are present, and 

there is a need to obtain potable water and/or water for crop irrigation (due to 

critical water shortage and contaminated available water). The temperature range 

for geothermal energy can be between 40-95◦C. The considered locations include 

Cerro Prieto in Mexico, Momotombo in Nicaragua and Lake Poopó in Bolivia [72]; 

Ranau, Sabah in Malaysia [73]; Masson Greenhouse in New Mexico [74] and 

Tunisian geothermal springs [75], [76]. Considering warm geothermal water can 

save up to 95% of the total energy consumption of the MD system [73]. The LCOW 

can be between 0.50-130 $/m3 when the plant is operated with geothermal energy 

[24], [27].  

2.2.3 Waste heat  

Waste heat may be present in different forms, but the key source of waste heat is 

hot streams from power generation and industrial processes. Waste heat is broadly 

defined as a form of sustainable energy, and its temperature ranges between 50–

800°C [77]. Various waste heat sources are identified in the literature to fulfill the 

thermal energy requirement of the MD system. These waste heat sources include 

heat recovery chiller water [78], boiler blowdown, steam diverted from bleed 

streams and cooling water system stream [79], diesel engine exhaust [80], cooling 

tower blowdown [81], district heating [54], [82] and exhaust flue gas/sanitized 

sludge in biogas plant/anaerobic membrane bioreactor [83]–[86]. Moreover, hybrid 

sources, i.e., combined solar energy and waste heat sources, are also investigated to 

operate MD systems [87].  

The concept of waste heat driven MD systems has been used by most of the main 

companies in the market.  Pilot and commercial MD projects have considered 

AGMD and VMEMD modules with the flat sheet, hollow fiber and spiral wound 

membrane geometries. The reported LCOW is 0.26-5.5 $/m3 [24], [27]. The 

comparison among different low-grade heat sources depicts that waste heat sources 

can be more reliable, environmentally friendly and inexpensive. Table 2.2 

summarizes waste heat sources driven pilot and commercial MD projects.  
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Table 2.2 Waste heat driven pilot and commercial MD projects [27], [42]. 

2.3 MD applications 
Membrane distillation can be employed in a variety of applications such as seawater 

desalination, wastewater treatment from chemical industries and concentration of 

non-volatile compounds. Different MD configurations were used commercially for 

water purification purpose which includes DCMD, AGMD and VMEMD  [42], 

[47], [54], [55], [88]. 

MD is considered as a competitive technology for desalination of seawater and 

brackish water [23], [42], [69]. For the removal of small molecules and heavy metal 

ions, MD gives a higher water recovery ratio compared to RO, NF and 

electrodialysis (ED) [89]. It has been reported that boron contaminated water can be 

purified with rejection efficiency greater than 99.5% [90]. Nickel can be recovered 

from electroplating wastewater by increasing concentration more than 100-fold 

using MD [91]. Other heavy metals, for example, arsenic [72], [92], zinc [93], 

Executing company Location Capacity 

(m3/day) 

Waste heat sources 

Keppel Seghers 

(2006) 

Rotterdam, 

Netherlands 

0.5–1 2 bar steam from the coal-

fired power plant 

Keppel Seghers 

(2008) 

Rotterdam, 

Netherlands 

0.5–1 Incineration plant 

Keppel Seghers 

(2011) 

Jurong Island, 

Singapore 

100 Tempered water 

XZero (2011) Hammarby 

Sjöstadsverk, 

Sweden 

1-2 District heating network 

Scarab Development 

(2011) 

Nyköping, 

Sweden 

1–2 District heating network 

Aquaver, Memsys 

Clearwater (2012) 

Senoko Power 

Plant, Singapore 

50 Boiler blowdown from the 

refinery 

Aquaver (2013) Kamperland, 

Zeeland, 

Netherlands 

1.5 Diesel generator 

Aquaver, Memsys 

Clearwater (2014) 

Kunfunadhoo 

Island, Maldives 

100 Diesel generator 

Aquaver, Memsys 

Clearwater (2014) 

Gulhi Island, 

Maldives 

10 Diesel generator 

Abengoa Water 

(2016) 

Ghantoot, United 

Arab Emirates 

60 Diesel generator 

Global 

MVP/Econity (2013-

2018) 

South Korea 400 Partial energy requirement 

met by using MD brine as a 

draw solution for  pressure-

retarded osmosis energy 

generation  
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chromium [93] and gold [94], can also be removed entirely from the contaminated 

water.  

It is also found that MD is favorable for the treatment of polluted water with 

radioactive substances [95], [96]. Moreover, MD has the potential to treat the oily 

water/produced water from the industries [97]–[99]. MD process can also be 

considered for the removal of inorganic matters like ammonia [100]–[102] and 

halogenated volatile organic compounds (VOCs) [103]–[105].  

Mineral acids (hydrochloric acid [106], [107], sulfuric acid [108], [109]), fruit 

juices [110]–[112], sugar [113] and alcohol [114]–[116] can be concentrated either 

in the permeate stream or in feed stream depending upon the volatility and vapor 

pressure of the components. MD can also be used for the concentration of natural 

food colorants [117] and de-alcoholization of wine [118]. MD showed a high 

rejection percentage (>99%) for all dairy components while concentrating skimmed 

milk and whey processing [119]. 

Furthermore, MD is a promising technique in the field of pharmaceuticals, where it 

can be used as a waste concentration method. Low-level pharmaceutical 

contamination in wastewater can be removed with the help of this separation 

technique [54], [120]. Anti-inflammatory, topical anesthetic,  analgesic, and 

antihistamine medicines such as ibuprofen, dibucaine, acetaminophen, and 

diphenhydramine, respectively, were reported to be concentrated through MD with 

carbon nanotube immobilized membranes [120]. The textile industry is another 

sector where the MD separation technique could treat wastewater with a high 

recovery rate. The successful treatment of synthetic feed solutions containing dyes 

and salts was shown in previous works where chemical oxygen demand (COD) 

removal was better through MD than RO and NF [121], [122].  

In the nano-electronics industries, MD was considered for supplying ultrapure 

water from freshwater [78]. However, more complex wastewater streams were not 

investigated using the MD process. There are also some preliminary experimental 

studies where MD was employed in the power industry for flue gas desulfurization 

wastewater treatment [123], concentrating cooling tower blowdown [124], [125] 

and for flue gas condensate cleaning [126]–[128]. It was observed that particles and 

heavy metals could be separated successfully; however, ammonium could not be 

readily managed, which needs to address further. 

Based on the previous record of MD applications and current requirement of 

advanced wastewater management in water-intensive industries, the following 

industrial case studies are selected and included in this work as potential MD 

applications: 

 Treatment of wastewater released from Interuniversity Microelectronics Centre 

(imec), Belgium: Nano-electronics manufacturing employs various specialty 

chemicals, thus necessitating wastewater treatment. This case study determines 
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the feasibility of MD separation technology for the treatment of challenging 

wastewaters released from nano-electronics fab and identifies locally available 

waste heat sources required for MD operation. Research campaigns include 

experiments and techno-economic system analysis. The findings are presented 

in Chapter 4.  

 

 Water recovery from flue gas condensate released from Stockholm Exergi 

cogeneration facilities, Sweden: The concept involves replacing multistep RO 

based flue gas condensate treatment with MD based technology. Högdalen and 

Brista CHP facilities are considered as examples for municipal solid waste 

incineration and biofuel-fired cogeneration plants, where along with the 

removal of non-volatile contaminants, ammonium separation was also studied. 

The detailed experimental investigation and district heating driven MD system 

analysis for this case study are discussed in Chapter 5. 

The additional background information about selected industries, their wastewaters 

and locally available thermal energy sources has been described in sections 2.4 and 

2.5. 

2.4 Nano-electronics industries: wastewater and waste heat 

In 1958 Jack Kilby, from Texas Instruments labs, was the first person to publish a 

patent on the fundamental principles of integrated circuits (ICs) manufacturing. 

Following then, fabricating transistors on a silicon wafer became a practice to 

manufacture ICs [129]–[131]. The fabrication method of these ICs is quite 

complicated, as described in Figure 2.6. 

 

1. In the first step, a high-purity silicon ingot is created, which is further 

divided into the silicon wafers of 200-300 mm diameter.  

2. In the second step, these silicon wafers are coated with a silicon dioxide 

film, and then a dopant is diffused to modify its electrical features. 

Following that, layers of desired conducting/insulating materials are 

deposited on the top of the doped silicon substrate, depending upon the 

application.  

3. In the next step, the wafer surface is coated with photoresist. Later on, the 

circuit pattern is printed on the device's specific zones using 

photolithography technology. In this method, a photomask is employed to 

project a particular ICs pattern on the wafer by exposing the photoresist to 

ultraviolet (UV) light. The weakened/soluble photoresist is then removed 

using a developer solution. 

 After that, a plasma stream is used for etching the pattern trace to 

eliminate materials and chemically reactive free radicals. The 

etching process typically helps produce vertical profiles necessary 

for the minuscule features in today's densely packed chip designs. 

 Following plasma etching, a photoresist stripper is employed to 

remove the residual photoresist. These steps are recurred 30-40 
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times to create several layers of circuits, with zonal connections 

via bonding pads during the metallization process.   

4. Afterward, the entire wafer is covered with a finishing layer of the 

conductive material to protect the circuit from contamination and damage. 

Eventually, a combination of chemical etching and free abrasive polishing 

is used to smoothen the wafer surfaces. The fabricated chips are later diced 

and tested before packaging. 

 

 
Figure 2.6 Semiconductor chips manufacturing process steps in nano-electronics 

industries (adapted from [132]) 

Such a complicated fabrication method includes numerous chemical inputs, 

resulting in the generation of several wastewater streams. In a typical nano-

electronics fabrication facility (fab), approximately 0.4 Mm3 of freshwater is 

required annually [133], [134]. Consequently, the nano-electronics manufacturing 

units generate an enormous volume of wastewater from many processes, including 

silicon growth, crystal production, oxidation, doping, dicing, ion implantation, 

photolithography (etching and stripping), metallization, chemical mechanical 

planarization (CMP), washing and cleaning [130], [135]–[137]. The mentioned 

processes need more than 200 types of various inorganic and organic compounds 

(proprietary and generic); thus, the wastewaters primarily comprise of metallic, 

acidic and alcoholic compounds and nano-particles [138]. According to the 

predefined standards set by local and international environmental regulatory 

authorities, these complex wastewater streams need to be treated before discharge 

to the recipient water bodies or reuse as process water. Table 2.3 presents the key 

wastewater generation processes in nano-electronics facilities.  
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Table 2.3 Key wastewater generation processes and the associated contaminants in 

nano-electronics facilities 

Process Contaminants References 

Metallization   Copper (Cu), chromium (Cr), lead (Pb), 

nickel (Ni), iron (Fe), magnesium (Mg), 

calcium (Ca), sodium (Na) and zinc (Zn)  

[139]–[141] 

Photolithography  

(Etching and 

Stripping )  

Nitric acid (HNO3), hydrofluoric acid (HF), 

tetramethylammonium hydroxide (TMAH) 

(C4H13NO), acetic acid (CH3COOH), 

hydrogen peroxide (H2O2), ammonium 

hydroxide (NH4OH), phosphoric acid (H3PO4) 

Isopropyl alcohol (C3H8O), dimethyl 

sulfoxide (C2H6OS), dimethyl disulfide 

(C2H6S2),  N-methyl-2-pyrrolidinone 

(C5H9NO), sulfuric acid (H2SO4), methyl 

diglycol (C5H12O3) and trace amounts of 

toluene (C7H8) and acetone (C3H6O) 

[142]–[149] 

CMP  Silica (SiO2), alumina (Al2O3), ceria (CeO2), 

copper (Cu),  ferric nitrate (Fe(NO3)3), 

potassium permanganate (KMnO4), 

aminotriazole (C2H4N4), hydrochloric acid 

(HCl), potassium hydroxide (KOH), nitric 

acid (HNO3), oxalic acid (C2H2O4), 

ammonium hydroxide (NH4OH), 

polyethylene glycol (C2nH4n+2On+1) and 

biocides 

[150]–[153] 

 

The metallization process wastewater can be successfully treated by the traditional 

chemical separation process (ion-exchange), usually adopted to handle nano-

electronics sewage. However, the photolithography and CMP wastewaters are only 

partially managed by conventional treatment methods. Researchers have 

investigated several techniques, including electrochemical and filtration methods, 

for the purpose (details are available in Chapter 4). These techniques have their 

merits, but they do not prove sufficient due to their fundamental issues. Therefore, 

many nano-electronics fabs simply accumulate their wastewaters for expensive off-

site thermal destruction. Hence, there is a high interest in exploring novel 

approaches for the inexpensive and environmentally friendly handling of industrial 

effluent. MD can be a promising technology for the purpose. 

 

Along with the wastewater treatment issue, there are also various waste heat 

sources available in nano-electronics industries that need to be taken care of to 

improve the resource efficiency of the nano-electronics fabs. These sources include 

[154]–[160]:  
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1. Condenser outlet water from chillers (temperature range: 35-90◦ C; thermal 

power: 3.5-12 MW) 

2. Exhaust air from VOCs combustion abatement systems (temperature 

range: 350-400◦C; thermal power: 0.25-0.5 MW) 

3. Process cooling water from manufacturing tools (temperature range: 35-

90◦ C; thermal power: 2.5-3.5 MW) 

4. Spent stripper (sulfuric acid) from photoresist stripping and spent etchant 

(phosphoric acid) from nitride etching (temperature range: 90-200◦C; 

thermal power: 0.5-1 MW) 

5. Dissipated heat from steam generators, compressors and pumps (widely 

distributed temperature range) 

Usually, the total amount of waste heat released from the typical nano-electronics 

facilities is about 35–40 MW [78]. Recovery of this waste heat can not only 

increase energy efficiency but also reduce CO2 emissions. 

2.5 Cogeneration plants: flue gas condensate and district heating 

In 1882 Thomas Edison's Pearl Street Station in the United States was the first 

power plant to apply the concept of combined heat and power (CHP) generation 

[161]. Since then, CHP (also known as cogeneration) systems have been widely 

adopted to produce electricity and valuable thermal energy using an integrated 

approach. CHP facilities employ various fuels, including natural gas/oil, coal, 

biomass, or waste, to provide thermal energy to the system. There are principally 

three different thermodynamic cycles that are considered for CHP systems [162]: 

1. Rankine or steam cycle where water is used as a working fluid that passes 

through four stages process including adiabatic/isentropic compression; 

isobaric heat addition (superheated steam formation); adiabatic/isentropic 

expansion (power generation); and isobaric heat rejection (heat recovered).  

The Rankine cycle is mostly considered for steam turbine-based CHP 

systems.  

2. Brayton or Joule cycle where air/gas is considered as a working fluid. It 

mostly runs as an open cycle and generally follows the same stages as the 

Rankine cycle. Brayton cycle is typically opted for gas turbine-based CHP 

systems. 

3. Otto cycle or Diesel cycle considers gas as a working fluid. In the Otto 

cycle, gas sequentially passes through adiabatic/isentropic compression, 

isochoric heat addition, adiabatic/isentropic expansion and isochoric heat 

release. For the Diesel cycle, the heat addition stage is isobaric instead of 

isochoric. These cycles are typical in the case of internal combustion 

engines. 

 

For large-scale CHP plants, the steam turbine-based process is the most common 

one, whereas, for small-scale systems, gas turbines and engines are considered. 

Figure 2.7 shows the schematic of a typical steam turbine-based CHP facility where 
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the process starts with the steam formation in a steam boiler. The steam passes 

through a turbine, which runs an electric generator. The exiting exhausted steam 

from the turbine is further sent to the condenser where the waste (useful) thermal 

energy is recovered (for district heating purpose). An economizer is typically 

installed to reduce energy consumption by preheating water prior to the steam 

boiler.  To satisfy environmental regulations, ash is collected and disposed. In 

contrast, flue gas passes through the cleaning process to minimize airborne 

emissions of heavy metals, particulates, dioxins, nitrogen oxides and acid gases 

[163]. The clean flue gas is further directed to the stack.  

 
Figure 2.7 Cogeneration process steps in a steam turbine-based CHP facility [163] 

Wet scrubbing is the most used flue gas cleaning process where high dew points 

encountered in the flue gas condensation system lead to thermal energy recovery for 

district heating (DH) or local heating along with water recovery [164]. The 

resulting flue gas condensate involves an aqueous mixture of salts, acids, heavy 

metals, and various particulate solids [165]. Series of membrane separation 

processes are typically considered for flue gas condensate treatment (details are 

available in Chapter 5) before its release into recipient water bodies; however, the 

existing techniques are insufficient to satisfy strict environmental regulations. 

Moreover, the concept of water reclamation as boiler feed water needs careful 

advancement in the water management system.  

 

Electricity generated by CHP facilities is usually supplied to regional or national 

grids with immediate uptake. In contrast, the supply of thermal energy to DH 

systems is strongly dependent upon local customer demand, which is seasonal. 

Based on seasonal variance, DH temperature levels differ considerably; higher 

atmospheric temperature level demands lower DH temperature levels. Usually, the 
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temperatures of DH supply lines differ from 70°C in the summer to 100°C in the 

winter, whereas the DH return lines temperatures range from 35 to 65°C  

correspondingly [166], [167]. In Sweden, more than half of the net heating demand 

of the residential sector was fulfilled by DH systems in 2017 [168]. Moreover, there 

are various industries where DH applications are commercial,  such as food 

processing plants, electronics industries, forestry industries, steel and metal 

processing plants,  vehicle manufacturing industries, beverage industries, pulp and 

paper industries, chemical industries, pharmaceuticals industries, and cogeneration 

facilities [169].  
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Chapter 3 Methodology 

The present work includes feasibility studies of waste heat driven MD systems for 

wastewater treatment in different industries, namely nano-electronics fabs and 

cogeneration facilities. Extensive experimental investigations, large-scale system 

simulations and techno-economic analyses were performed for all the considered 

applications. A laboratory prototype and a semi-commercial MD system were 

employed to carry out experimental work. The separation efficiency of major 

contaminants was considered the critical performance factor, whereas other 

standard water quality parameters were also determined. Moreover, the effect of 

parametric variation on product yield, specific energy demand and exergy 

efficiency was examined in detail. Based on the findings of experimental work and 

input from considered industries, potential thermal integration strategies were 

identified, and large-scale integrated MD systems were simulated considering 

material and energy balances. Process economy analysis aims explicitly at finding 

out the optimal integration option in the view of unit water treatment cost, as an 

essential economic criterion.  

For simplification, some particular aspects were not covered in the thesis: 

fouling/scaling problems of the membrane, methods for membrane regeneration, 

and concentrate disposal issues. Moreover, seasonal variations were neglected 

while considering district heating as a heat source/sink. Handling of continuous 

wastewater flow was not investigated experimentally, and long term studies were 

not considered due to limitation of equipment availability. Finally, suggested post-

treatment options were not experimentally verified.   

3.1 Experimental setups 

Figure 3.1 a and b demonstrate the considered experimental facilities for this study: 

1) Xzero laboratory prototype, and 2) Xzero pilot plant. (The Xzero pilot plant was 

built in a joint project between IVL Swedish Environmental Research Institute and 

KTH Royal Institute of Technology.) Both facilities consider air gap MD modules 

and employ PTFE membranes (with PP as back support material); however, their 

dimensions and other characteristics differ. Table 3.1 summarizes the features of 

them.  

The design of the Xzero laboratory prototype is based on an earlier design [82] with 

some adjustments (imperative for MD application for ultra-high purity water 

production). The method for membrane attachment with the cassette is replaced to 

beam clamping and PTFE sealing to cope with higher pressures on the membrane 

and avoid leakages. Donaldson® membrane has been selected instead of Gore® 

admitting its attractive cost-performance comparison. Aluminum condensation 

plates are coated with the PVDF layer on the permeate side to provide improved 

permeate quality while resolving corrosion problems and providing an inert 
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environment. The air gap is reduced, and flow spreaders are introduced to the 

cassette for improved mass transfer. 

 

(a) 

 

 (b) 

Figure 3.1  Membrane distillation experimental facilities a) Xzero laboratory 

prototype b) Xzero pilot-scale unit 
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Table 3.1 Features of considered AGMD units 

Features Xzero laboratory 

prototype  

Xzero pilot plant  

Number of cascades and configuration 1 5, in parallel 

Number of modules each cascade 1 2, in series 

Module width×height×thickness (cm3) 55×40×16 63×73×17.5 

Number of cassettes per module 1 10 

Cassette material PE PP 

Number of membranes each cassette 2 2 

Membrane geometry Flat-sheet Flat-sheet 

Membrane attachment method with 

cassette 

Beam clamping and 

PTFE sealing  

Thermal welding 

and O ring sealing 

Membrane manufacturer Donaldson® Gore® 

Membrane area per module (m2) 0.194 2.3 

Membrane thickness (mm) 0.254 0.2 

Pore size of membrane (μm) 0.2 0.2 

Porosity (%) 80 80 

Liquid entry pressure (kPa) 345 368 

Air gap (mm) 0.5-1 1 

Condensation plate material PVDF coated aluminum PP 

Feed water tank material  PVDF  Steel  

Feed water tank volume (L) 30 900 

Total capacity (L/hr permeate) 1-2 100-200 

Immersion heaters capacity (kW) 2 24 (in addition DH) 

Chiller capacity (kW) 1.8  - 

Thermocouple type PT-100 PT-100 

Flowmeters FIP flowX3 

(paddlewheel) 

Rotameters 

Pumps supplier Iwaki Sverige AB Grundfos AB 

Control system Crouzet PLC Citect Runtime 

SCADA and 

Melsoft 

Modules supplier Xzero AB Xzero AB 

Module installed Xzero AB and imec Hammarby 

Sjöstadsverk 

Figure 3.2 displays the flow diagram of the AGMD process considered in the 

experimental facilities mentioned above. The system is separated into the feed side 

(hot side) and permeate side (cold side) through a hydrophobic membrane. The feed 

water is heated and recirculated in the feed channel of the module, with cold-water 

employed as a coolant in condensation plates. The higher temperature on the feed 

side is responsible for forming vapor in the main feed channel. The temperature 

difference across the membrane creates a vapor pressure gradient, which helps 

transport the vapor to the opposite side of the membrane. Following this, the vapor 

passes through a thin, stagnant air layer before condensing on a cold surface. The 

vapor condensation is primarily associated with heat dissipation to the coolant, 
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following the cold surface. The clean permeate is gravity fed to the bottom of the 

modules and collected into sample bottles. Various sensors and control systems are 

installed to regulate the process and ensure proper operation to meet safety 

standards. Figure 3.3 illustrates the exploded view of the AGMD cassette for a 

visual representation of the process. 

 
 

Figure 3.2 Schematic flow diagram of AGMD separation process 

 

 
Figure 3.3  Exploded view of AGMD cassette   

Key: 

C: Conductivity 

F: Flow indicator 

L: Level indicator 
P: Pressure indicator 

T: Temperature indicator 
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3.2 Experimental methods and system analyses 

The experimental studies were carried out in two parts (I and II). In part I, 

wastewaters from nano-electronics facilities (imec, Belgium) were employed during 

tests. In contrast, in part II, experiments were executed using flue gas condensate 

samples from cogeneration facilities (Stockholm Exergi-Högdalenverket and 

Bristaverket, Sweden). During these experiments, temperatures and flow rates have 

been considered the main variables that affect the performance of MD systems. For 

a complete understanding of the impact of these parameters, ranges of feed and 

coolant inlet temperatures, and feed and coolant inlet flow rates were considered. 

The resultant permeate flow rate and temperature, feed and coolant outlet 

temperatures and module surface temperature were measured. Apart from 

experimental studies, complete technical and economic analyses were also 

conducted to examine the full potential and limitations of industrial-scale thermally 

integrated MD based processes for considered wastewaters treatment. 

3.2.1 Separation efficiency 

In both parts, the separation efficiencies of considered equipment at various 

operating conditions have been investigated for the major contaminants. For this 

purpose, the feed, retentate and permeate samples were collected in glass bottles 

(after realizing steady-state), and the following physicochemical analyses were 

performed: metallic and ionic concentration, conductivity, pH, total organic carbon 

(TOC),  total dissolved solids (TDS), chemical oxygen demand (COD), turbidity, 

alkalinity and total hardness. 

In part I, the analyses were performed in imec chemical laboratories, where several 

analytical methods have been considered to measure the mentioned water quality 

parameters. The concentration of metals was examined using inductively coupled 

plasma-optical emission spectrometry (ICP-OES) from PerkinElmer. The ionic 

concentration was analyzed with ion chromatography (IC). The conductivity was 

measured using a WTW LF3000 conductivity meter. The TOC was determined 

employing Sievers 900 TOC-analyzer, and COD was examined with Hach reagent 

LCI500. The pH was measured with a combined electrode (Yokogawa FU20) 

connected to a transmitter (Yokogawa EXA pH-402) with a display. The electrode 

was installed in the circulation route from the hot water tank before the modules 

and the pump. The pH was again verified for collected samples using an Orion Star 

Series meter with Orion Ross half-cell electrode and Ross reference electrode. 

In part II, the collected samples were sent to independent laboratories for 

physicochemical analyses. The methods used for external analyses include 

inductively coupled plasma-mass spectrometry (ICP-MS)  and cold vapor-atomic 

fluorescence spectrometry (CV-AFS) for determining metals concentrations; IC for 

measuring Cl- concentration levels; spectrophotometry for estimating  NH4
+ and 

NH3-N concentrations, TOC and COD; gravimetry for TDS; nephelometry for 

evaluating SO4
-2 level and turbidity; and potentiometry, conductometry and titration 
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for measuring pH, conductivity and alkalinity, respectively. The total hardness was 

calculated by analysis of calcium (Ca) and magnesium (Mg). The accuracy of 

measurement for different analysis methods is presented in the appendix (Table 

A1). 

It is important to mention that during lab and pilot-scale testing, the employed 

membranes were not replaced throughout the experimental investigations. 

However, the membrane distillation systems were washed with tap water to remove 

any impurities from the testing facilities, when required. 

3.2.2 Transmembrane flux and reconcentration study 

Along with determining the separation efficiency, transmembrane flux was also 

measured at different operating conditions. Transmembrane flux (Jp) can be 

described as collected permeate volume over the elapsed experimentation time (V̇p) 

divided by active membrane area (Am) and can be determined with eq.1. 

Jp =
V̇p

Am

 
(1) 

Water recovery ratio (rw) can be described as a ratio of permeate to feed mass flow 

rate, as shown in eq.2. This value was used as a base for mass flow rate calculations 

while considering large-scale applications.  

rw =
ṁp

ṁf

 
(2) 

Where ṁp and ṁf depict the mass flow rates of the permeate and feed, respectively.  

During pilot-scale testing, a reconcentration study was also considered to study the 

MD system performance at different concentration levels and investigate the 

volume reduction factor of MD feed for the considered pilot-scale MD system. The 

volume reduction factor (VRF) of MD feed was assessed to determine the degree of 

feed concentration for the particular experimentation time using eq.3. 

VRF =
Vp

Vf

 
(3) 

where  Vp and Vf  show the permeate and initial MD feed volumes, respectively. 

The value of VRF can vary between 0-1  

The volume reduction of MD feed leads to the concentration of contaminants. The 

concentration factor (c′Fj) of the contaminants in MD feed can be described as a 

ratio of contaminant concentration in the retentate to contaminant concentration in 

the initial feed, as presented in eq.4. 
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c′Fj =
c′j,r

c′j,f
 

(4) 

where c′j,r shows the concentration of contaminant j in retentate and c′j,f depicts the 

concentration of component j in initial feed water (makeup water). 

3.2.3 Energy analysis 

Together with separation efficiency, thermal energy demand is another crucial 

aspect that is usually considered when determining the potential of large-scale MD 

systems for industrial applications. MD system involves latent heat transfer across 

the membrane that causes the change in enthalpy of the hot stream (feed) and cold 

stream (coolant). Enthalpy changes in the feed (Qf) and coolant (Qc) streams were 

calculated using eqs.5 and 6 to examine the thermal performance of the MD system. 

 

Qf = ṁfcp(Tf,i − Tf,o) (5) 

Qc = ṁccp(Tc,o − Tc,i) (6) 

 

where ṁc is the mass flow rate of the coolant stream; Tf,i and Tf,o are inlet and 

outlet temperatures of the feed stream while coolant stream inlet and outlet 

temperatures are represented by Tc,i and Tc,o. The heat capacity of water terms as cp 

(4180 J/kgK). (For calculation purpose, it was supposed that the contribution of 

permeate stream is negligible, i.e. ṁf ≫ ṁp and ṁc ≫ ṁp.) 

 

The specific thermal energy demand (Q̇f)  of the MD system was also estimated in 

terms of enthalpy change of hot feed per unit volume of permeate produced as a 

function of time. The specific thermal energy demand can be computed using eq.7. 

Q̇f =
ṁfcp(Tf,i − Tf,o)

V̇p

  
(7) 

Moreover, the specific amount of heat transfer to the coolant stream (Q̇c) was also 

determined using eq.8.  

Q̇c =
ṁccp(Tc,o − Tc,i)

V̇p

 
(8) 

 

It is instructive to define the net thermal energy demand for configurations where 

other processes can recover the dissipated heat. (For example, heat is supplied by 

the DH supply line with DH return line used as the heat sink). Eq.9 defines the net 

specific thermal energy demand (Q̇n) of the MD system as a function of the heat 

recovery factor. 

Q̇n =
ṁfcp(Tf,i − Tf,o) − φṁccp(Tc,o − Tc,i)

V̇p

  
(9) 
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where φ describes the possibility of heat recovery by coolant, φ = 1 when heat can 

be recovered and φ = 0 for no heat recovery. 

The specific amount of heat transfer to the permeate (Q̇p) was calculated with 

eq.10. 

Q̇
p

=
ṁpcp(Tp − TA)

V̇p

 
(10) 

where Tp depicts as permeate temperature and  TA defines the atmospheric 

temperature at the infinity point when considering the module as the reference 

point.  

Additionally, the specific amount of heat transfer from the module surface to the 

surrounding was evaluated in terms of free convective heat transfer (Q̇cv), as 

presented in eq.11. 

 

Q̇cv =
hAs(Ts − TA)

V̇p

 
(11) 

where h is the heat transfer coefficient for free convection (approximately 10 

W/m2K for natural convective cooling by air) and As shows the module surface 

area. Ts denotes the module surface temperature. 

Furthermore, specific electrical energy demand for operating feed recirculating 

pump was also calculated using eq.12 as a function of the flow rate of MD feed and 

pressure drop across the modules.  

Q̇el = 
V̇f∆P

μV̇p

 
(12) 

where  Q̇el presents specific electrical energy demand, ∆P is pressure drop across 

the modules, μ defines pump efficiency and V̇f is the volumetric flow rate of the 

MD feed.  

3.2.4 Exergy analysis 

Applying only the first law of thermodynamics for evaluating energy utilization 

overlooks the quality of energy; instead, it only quantifies the energy amount. 

Therefore, it does not provide the qualitative assessment of heat losses and/or 

recovery and concentration changes in the AGMD system. However, exergy 

analysis considers both, first and second laws of thermodynamics for energy 

accounting and measures the extent of ideality and reversibility of the process.  For 

MD separation systems, exergy is mainly associated with heat and material streams 

with different compositions and concentrations; therefore, the kinetic and potential 

exergies are not taken into account. Thus, the total exergy flow rate of an individual 

stream was calculated as the sum of the chemical and physical (thermal and 

mechanical) exergies associated with that particular stream, as shown in eqs.13-17. 
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Exk,mech = ṁk

(P−PR)

ρ
 (13) 

Exk,th= ṁkcp [(T − TR) − T
R
ln

T

TR
] (14) 

Exk,ch= -ṁkc′solvRTln
c′solv

(c′solv+∑
βjc′j

ρmwj
)
 (15) 

Exk,T =  mk̇

[
 
 
 
 
P − PR

ρ
+ cp (T − TR) − cpTR ln

T

TR

− c′
solvRTln

c′
solv

(c′
solv + ∑

β
j
c′

j

ρmwj
)
]
 
 
 
 

 

(16) 

c′solv =

[1000 − ∑
c′j
ρ
]

mwsolv

 

(17) 

 

Exk,mech, Exk,th and Exk,ch represent the mechanical, thermal and chemical exergies of 

the stream k, respectively. Exk,T shows total exergy of stream k and ṁk depicts the 

mass flow rate of the stream k. Reference temperature and pressure are nominated 

as TR and PR, respectively, P depicts total pressure,  mwj and mwsolv represent the 

molecular weight of contaminant j and solvent, respectively in the stream k, β 

denotes the number of dissociation species in contaminant j and c′solv represents the 

solvent concentration in stream k.  

Exergy can only be conserved for ideal and reversible processes and consumed or 

destroyed for real processes due to the definite and indefinite irreversibilities. In the 

MD system, the irreversibilities are linked with heat losses/recovery and 

composition/concentration changes. The irreversibility of any component (Excomp,ir) 

of the MD system can be calculated from the difference between exergy flow rates 

of inlet (∑Excomp,i ) and outlet (∑Excomp,o ) streams of that component and shown 

in eq.18. 

Excomp,ir = ∑ Excomp,i − ∑ Excomp,o  
(18) 

The irreversible exergies associated with each component (Excomp,ir) and the entire 

process (Exsys,ir) were used to calculate the share of each component of the AGMD 

purification process towards the exergy destruction of the total system (Excomp,des), 

as expressed in eq.19. 
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Excomp,des =
Excomp,ir

Exsys,ir

× 100 
(19) 

Second-law efficiency or exergy efficiency determines the effectiveness of energy 

utilization in the process. The exergy efficiency (ƞ) of the MD system can be 

described as the ratio of the minimum exergy required (minimum work of 

separation) to the total exergy input of the system, as shown in eq.20. The minimum 

exergy required for the MD process is the difference between exergy changes in 

feed streams and permeate stream exergy.  

ƞ =  
Exf − Exr − Exp

Exsys,i

× 100 
(20) 

where Exf, Exr, Exp are the exergy flow rates of feed, retentate and permeate, 

respectively. The exergy input of the system is denoted by Exsys,i. 

 

The electric power provided to the system for operating pumps, heater, and chiller 

was considered a pure exergy flow rate. Exergy analysis offers interesting 

understandings about the categories, localities, and reasons for losses and helps to 

achieve the optimum system design. 

3.2.5 Performance of scaled-up system  

For large-scale processes, the size of the MD system was needed to scale up based 

on the desired product yield.  Here the pilot-scale Xzero MD system was considered 

as reference. Some assumptions were made including similar separation 

efficiencies, operating conditions (temperatures and flow rates), and specific 

performance parameters (transmembrane flux and specific heat demand) as in the 

base case, for specific applications. The following steps (1-8) show the opted 

procedure for scale-up. 

1. Considering the desired product yield, the total required area of the membranes 

was estimated while using the reference membrane area and related permeate flow 

rate, as shown in eq.21. 

Am,T = ṁp,T

Am

ṁp

 
(21) 

where Am,T and Am depict total membrane area and reference membrane area, 

respectively while ṁp,T and ṁp  are the desired product yield and reference MD 

permeate flow rate, respectively. 

2. The number of required MD modules (NT) was calculated using a ratio of total to 

reference membrane areas, as presented in eq.22.  
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NT =
Am,T

Am
 

(22) 

3. Further, based on the desired permeate flow rate and recovery ratio per cycle, the 

total MD feed flow rate ( ṁf,T) was computed using eq.23.  

ṁf,T =
ṁp,T

rw
 

(23) 

4. The total thermal power demand (Qf,T) was calculated as a function of the total 

desired permeate flow rate and specific heat demand, as expressed in eq.24. 

Q
f,T

=  ṁp,TQ̇
f
 (24) 

 

5. The rate of heat transfer to the coolant stream (Qc,T ), called as recovered thermal 

power was calculated in a similar manner using eq.25. 

Qc,T =  ṁp,T Q̇c (25) 

6. Net thermal power demand was calculated as the difference between total and 

recovered thermal power, as shown in eq.26 (applicable when heat recovery is 

possible). 

Qn,T =  Qf,T − Qc,T (26) 

7. Based on total and recovered thermal power, the required heat exchangers areas 

(AHX) for large-scale systems were calculated using eq.27.   

AHX =
QX

U∆T
 

(27) 

 

where subscript X = f,T or c,T, U shows the overall heat transfer coefficient (for air: 

10 W/m2K and for water: 250 W/m2K), and ∆T is the temperature difference 

between inlet and outlet streams. 

8. Based on specific electrical energy consumption for operating feed recirculating 

pump, the total required electrical power (ET) for the desired product yield was also 

calculated using eq.28. 

ET =  ṁp,TQ̇el (28) 
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Based on the flow rates of streams, commercial water tanks and pumps/compressors 

were considered to operate the industrial-scale MD system. 

3.2.6 Economic analysis 

Apart from technical evaluation in terms of system capacity and energy demands, 

the economic feasibility for large-scale MD plants was also determined. The 

economic model has been established using the performance of the Xzero semi-

commercial AGMD system considering the waste heat/district heating integration 

along with required economic data from literature and manufacturers. Based on the 

level of water systems advancement, two scenarios have been considered for 

economic assessment: new wastewater facilities; and retrofitted facilities. In this 

work, plant capacity is referred as both, the desired product yield and the flow rate 

of makeup wastewater. 

 

Capital investment  

Total capital expenditure (CAPEX, CTCI) of the new facilities involves total 

depreciable capital (CTDC), total permanent capital (CTPC) and working capital 

(CWC), as presented in eq.29.  

 

CTCI =  CTDC + CTPC + CWC (29) 

 

Total depreciable capital is distributed among direct permanent capital (CDPC), 

contingencies fees (CCF), insurance (CI), and contractor fees (CCO). Eq. 30. shows 

that direct permanent capital (CDPC) is the sum of inside battery limits (CISBL) and 

outside battery limits (COSBL) where CISBL comprises the equipment cost and 

installation charges  and  COSBL includes the expenses of administration and storage 

facilities. COSBL is taken as 40% of the CISBL.  

CDPC = CISBL + COSBL (30) 

 

Based on the design stage, CISBL was calculated considering the Study (factored) 

Estimate Method [170]. In this approach, the purchased equipment cost (Ceq) was 

estimated and factored up with the Lang Factor. (The Lang factor is described as a 

ratio of the installation expenses of a process to the equipment cost) The time effect 

was managed with the cost index, i.e., the Chemical Engineering Plant Cost Index 

(iCEPCI). For complementing economics of scale, the system size correction has also 

been considered, which is related to the overall plant capacity. Eq.31 expresses the 

chosen approach to estimate total equipment cost considering system size correction 

and time effect, whereas eq.32 determines CISBL  considering Lang factor and 

location index.  

Ceq = i
CEPCI

[∑(
XT

XR

)
d

Ceq,R]   
(31) 
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CISBL  = CeqLiL (32) 

where Ceq,R depicts the cost of reference equipment, XR & XT  shows the reference 

and total capacity of the equipment, iCEPCI is the value of CEPCI, L= 5.7 is the Lang 

factor for the fluid processing plant and iL is the location index and taken as 1.20 

for Europe. Moreover, d depicts the degression constant. For MD modules and heat 

exchangers, its value is 0.8, and for water tanks and pumps, it is equal to 0.667 

[171].  

 

Total depreciable capital (CTDC) was calculated using eq.33. 

CTDC = CISBL + COSBL + CCO + CCF + CI 
                   

(33) 

The CWC has been estimated as 8.33% of the COSBL while total permanent capital 

(CTPC) includes land and site development costs (CLS), and plant startup cost (CPS). 

Total permanent capital (CTPC) can be determined using eq.34.  

 

CTPC = CLS + CPS 

                         

(34) 

Table 3.2 contains some constituents of capital costs that have been used for the 

economic model. 

 

Table 3.2 Some constituents of total capital investment 

Constituents Cost  [171]–[174] 

Construction overhead (CCO) 15% of Ceq and labor cost  

Contingency fee (CCF) 10% of Ceq 

Insurance (CI) 5 % of Ceq 

Land cost and site development cost (CLS) 2 % of CTDC   

Plant startup (CPS) 10% of CTDC   

 

For retrofitted facilities, the total capital investment (CTCI) only includes equipment, 

insurance, and retrofitting costs and can be calculated using eq.35. 

CTCI = Ceq + CI + Crf 

                         

(35) 

where Crf is the retrofitting cost, which is assumed as 4% of the total equipment 

cost. 

 

Equipment cost 

Purchased equipment cost includes the cost of MD modules, membranes, heat 

exchangers, pumps, sensors, security control systems and electrical subsystems. 

Table 3.3 summarizes the cost of reference equipment. 
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Table 3.3 Cost of reference equipment 

Equipment Cost 

PTFE membrane  90 $/m2 [172] 

Module cost 6100 $/module [54], [175] 

Plate and frame heat exchangers 325 $/m2 [176] 

Centrifugal pumps 5500 $/100 m3/h [177] 

Tanks 130 $/m3/day [178] 

Controls, sensors, and sub electrical systems 140 $/m3/day [178] 

 

The annual capital cost (Ca,cap) was calculated considering the net present value 

method where annual interest rate (z) of 5% [179] and plant lifetime (n) of 20 years 

were used, as shown in eq.36.  

 

Ca,cap = (
z(1 + z)n

(1 + z)n − 1
)  CTCI 

(36) 

 

Operating and Maintenance Expenditure 

Operating and maintenance expenditure (OPMEX) includes the cost of thermal 

energy, cooling water, electrical energy, sludge disposal, chemicals, equipment 

replacement, labor, operating supplies and services, and technical assistance. For 

calculating the annual operating and maintenance cost (Ca,om), the annual working 

period was assumed 8000 hours. The operational and maintenance costs are 

summarized in Table 3.4. 

Table 3.4 Costs of different OPMEX components  

OPMEX components Costs 

Thermal energy (DH retail price) 77 $/MWh [180] 

Electrical energy 0.09 $/kWh [172], [181] 

Service and maintenance 0.033 $/m3 [172] [71] 

Labor 0.03 $/m3 [172], [178], [179] 

Cleaning chemicals  0.0018 $/m3 [172], [178] 

Pretreatment chemical 0.02 $/m3 [182] 

Membrane replacement 15% of the total membrane cost [175] 

Brine disposal  0.0015 $/m3  [183] 

Cooling water 0.02 $/m3 of total cooling water [184] 

 

Unit water treatment cost 

Finally, unit water treatment cost (Cw) was estimated as a function of annual capital 

and operational expenses, and plant capacity, as shown in eq.37. 

Cw =
Ca,cap + Ca,om

ṁp,T

 

 

(37) 
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In this study, the permeate flow rate and makeup wastewater flow rate are taken 

similar; therefore, the same Cw can be associated with both. A sensitivity analysis 

was also performed to study the effect of various techno-economic factors on Cw. 

Figure 3.4 shows the total expenditure breakdown for new wastewater treatment 

facilities. 

 

 
 

Figure 3.4 Breakdown of total expenditure for new wastewater treatment facilities 
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Chapter 4 Performance assessment of membrane 

distillation for wastewater treatment in nano-

electronics facilities (Appended articles I, II 

and III) 

In nano-electronics industries, photolithography and chemical mechanical 

planarization (CMP) are two of the key processes which release significant volumes 

of complex wastewaters [145], [150]. Based on the nature of the processes, the 

physicochemical properties of these wastewaters differ. For example, 

photolithographic wastewater mainly consists of tetramethylammonium hydroxide 

(TMAH) along with spent etching and stripping chemicals.  TMAH, in its pure 

form, is a non-volatile, highly water-soluble strong alkali (pH ~12) with a thermal 

decomposition temperature of >65○C [185]. In contrast, the CMP wastewater 

generally involves nano-sized silica (SiO2), alumina (Al2O3) and ceria (CeO2) 

particles, and copper (Cu) with a combination of several chemical additives 

[151]. The CMP wastewater contains approximately 3-12 % solids by weight, and 

pH levels range from 6.8-10 [150], [186]–[188]. These wastewaters are highly 

alkaline and exhibit high corrosivity and acute toxicity. Moreover, they are 

considered as a source for eutrophication in recipient water bodies. Given this, the 

current challenge for the nano-electronics industries is to treat these wastewaters 

properly, according to the stringent environmental regulations. For this purpose, 

many technologies are explored.  

 

For TMAH wastewater treatment, the list includes electrodialysis, catalytic 

oxidation, ion exchange, membrane bioreactor, reverse osmosis and biological 

treatment. Wang et al. [189] presented a combined process of electrodialysis, 

activated carbon and ceramic filtration for TMAH recovery. The outcomes show 

that TMAH can be concentrated up to 8%. Huang et al. [190] developed an 

oxidative degradation system while employing ultraviolet light-activated persulfate. 

The researchers were able to reduce the TMAH concentration up to 20 ppm. 

Citraningrum et al. [191]  employed weak and strong acid cation resins for TMAH 

wastewater treatment and showed reasonable performance. Chen et al. [192] 

presented a combination of membrane bioreactor and reverse osmosis methods, and 

the outcomes showed that the high-quality water was recovered, with conductivity 

~150 µS/cm and TOC ~2.5 ppm. You et al. [193] used membrane photoreactor, 

anoxic membrane bioreactor, and a combination of both for TMAH removal. The 

results show that the separation efficiency of TMAH was around 80%. Chen et al. 

[194] established autotrophic nitrogen removal over nitrite process in an anoxic up-

flow bioreactor. The outcomes present that 90% of the total nitrogen was removed. 

Innocenzi et al. [145] reported the aerobic biodegradation process as a successful 

option for TMAH wastewater treatment in electronics industries. In this work, 99% 

of biodegradation was achieved. In a related study, Ferella et al. [195] presented the 
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feasibility of aerobic biodegradation for TMAH wastewater treatment using 

microorganisms from the local wastewater treatment plant (WWTP). 

 

Among these procedures, biodegradation and catalytic oxidation are the most 
relevant for today’s nano-electronics manufacturing. However, biodegradation 

needs comparatively bulky equipment and long residence times for TMAH 

degradation and leads to N2O emissions. Moreover, the TMAH biodegradation 

process begins to inhibit above 150 ppm and may cease around 450 ppm [196]. In 

contrast, catalytic oxidation is cost-inefficient due to the expensive catalysts.  

Considering the mentioned issues, nano-electronics facilities usually collect the 

TMAH wastewater and send it for off-site thermal destruction. Thus, there is a clear 

need to find novel methods for the environmentally friendly and cost-efficient 

management of TMAH wastewater. 

  

For handling CMP wastewater, several other treatment methods have been 

investigated by researchers, involving electrochemical separation, membrane 

separation, and other methods. Liu et al. [197] demonstrated electro-coagulation for 

treating CMP wastewater while using Fe electrodes. The results show that at a 

current density of 5.9 mA/cm2, the particle separation efficiency was around 99%. 

Ohanessian et al. [8] tested and simulated dead-end and cross-flow UF and reported 

that the technique is suitable for CMP wastewater treatment when the silica 

nanoparticles concentration is less than 100 ppm. Juang et al. [9] used a 

combination of UF and RO for CMP wastewater treatment, which showed that 

high-quality permeate having conductivity ~6 µS/cm,  turbidity ~0.01 NTU and 

TOC ~1.6 mg/L can be obtained. Hu et al. [198] reported the effective removal of 

surface-modified silica nanoparticles using micro-bubbles flotation (assisted with  

Dodecyl dimethyl betaine). Other methods for CMP wastewater treatment involve 

the magnetic seeds to improve aggregation and precipitation of silica nanoparticles. 

Kim et al. [199] examined the combined effect of chemical coagulation and 

magnetic separation on CMP wastewater treatment using 1.5 g/L magnetite and 0.2 

g/L ferric chloride. The results showed that turbidity could be reduced up to 0.94 

NTU. Ryu et al. [200] applied magnetite aggregation and sedimentation in the 

magnetic field to remove the silica nanoparticles. The researchers showed that 97% 

of silica could be separated using 16 ppm of magnetite. 

 

The methods above have shown great potential in specific applications; however, 

fundamental challenges are preventing their widespread adaptation. Electro-

coagulation has the issue of reduced treatment efficiency due to electrode blockage 

and also has high electrical energy demand. UF shows a severe problem of 

membrane blockage due to inorganic and organic fouling/scaling. RO membranes 

require high mechanical strength and are susceptible to biofouling (that demands to 

be handled using harsh chemicals). Moreover, the RO process demands relatively 

high electrical energy for operation. The magnetic seeding aggregation is cost-

inefficient due to expensive magnetic seeds.  Hence, these methods are unreliable, 

energy inefficient, and costly.  
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Considering these constraints, membrane processes are assessed as the most 

promising techniques assuming that the following aspects can be addressed 

adequately: reduced electrical energy demand, lower pretreatment requirements, 

minimum fouling propensity, and cost-efficiency. In this respect, MD is a 

promising technology that can treat the considered wastewaters in a more 

ecological and economical manner. To date, no study has investigated MD 

technology for TMAH and CMP wastewater treatment. 

 

This chapter presents the potential applications of MD technology for wastewater 

treatment in nano-electronics industries where water recovery and reconcentration 

are achievable goals. The investigation includes experimental studies and energy 

and exergy analyses for complete technical evaluation. Moreover, the feasibility of 

the industrial waste heat driven large-scale MD systems was determined for 

wastewater treatment in nano-electronics facilities.  

4.1 Technical performance of Xzero laboratory prototype  

This section highlights the technical performance of the Xzero laboratory prototype 

when TMAH and CMP wastewaters are used as MD feedstocks. Some of the 

outcomes in terms of separation efficiencies, product yield, energy demand and 

exergy efficiencies are presented in sections 4.1.1. and 4.1.2. Detailed information 

can be found in [201], [202]. 

4.1.1 Separation efficiency  

Wastewater from photolithography process  

At the imec facilities, the photolithography process typically releases 200-300 L/h 

of TMAH wastewater, which is finally accumulated in the collection tank. The 

TMAH wastewater sample (550 L) was taken from the collection tank and later 

analyzed, which included mainly TMAH (646 ppm), ammonium hydroxide (1409 

ppm), hydrogen fluoride (158 ppm) and hydrogen peroxide (3000 ppm). Since 

TMAH wastewater contains hydrogen peroxide (H2O2), so in the first pretreatment 

step, 175 g of 60µm mesh powdered manganese dioxide (MnO2) was added in the 

sample for catalytic reduction of H2O2. The sample was continuously mixed, and 

the reduction rate was observed over time. (The concentration of H2O2 was 

measured with Quantofix peroxide test strips.) This step was completed in eight 

hours. After the first step, the pretreated sample (350 L) was filtered to separate the 

MnO2 catalyst and then sent for the second pretreatment step, pH adjustment, to 

avoid ammonia slip. In this step, a total of 572 mL of 98% sulfuric acid (H2SO4) 

was added in steps for 110 minutes, and the pH reduction was determined. Finally, 

the acidified TMAH wastewater sample of 15 L was pumped in the MD feed tank 

of the Xzero laboratory MD system. The MD experiments were conducted for 

different MD feed inlet temperatures, i.e., 60◦C, 65◦C, and 70◦C. The feed, retentate 

and permeate samples of 0.5 L were collected and examined, and the concentrate 

volume was also assessed to estimate the volume reduction of TMAH wastewater. 
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Figure 4.1 shows the schematic diagram of the employed TMAH wastewater 

treatment system. 

 
Figure 4.1 Schematic diagram of proposed TMAH wastewater treatment system 

Figure 4.2  presents the effect of the addition of manganese dioxide on hydrogen 

peroxide reduction over time. It was found that more than 95% of H2O2 was 

catalytically reduced during the operation and converted into the H2O and O2 gas. 

(Foaming at the surface of TMAH wastewater and downward displacement of the 

wastewater was noticed). It was also seen that the trend exhibits an exponential 

decrease of H2O2 concentration level after each MnO2 intake, which gradually 

stabilized over time. Eqs. 1 and 2 show the observed reduction reactions:  

 

MnO2 + 2H2O2 → MnO2 + O2 + 2H2O (1) 

2H2O2 → O2 + 2H2O (2) 

 
Figure 4.2 Effect of Catalytic reduction on hydrogen peroxide concentration as a 

function of time 

The collected TMAH wastewater sample also includes NH4OH and HF, whose 

equilibriums are considerably affected by changing pH and temperature levels. At 

higher pH levels, NH4OH equilibrium is directed towards NH3 gas, which is very 

likely to pass through the membrane at elevated feed temperatures. In order to avoid 

the NH3 slip, acid neutralization is performed as pretreatment. Consequently, the pH 

value of the TMAH wastewater sample was reduced to 2.94 linked to the pKa value 

(3.18) of HF, while considering the Henderson-Hasselbach relation. With pH 

reduction, the desired NH4OH equilibrium was achieved, where the NH3 (volatile) 

was converted to NH4
+ ions (nonvolatile). Eq. 3 shows the reversible equilibrium 

reaction of NH4OH [203]. 
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NH3 + H2O  ⇄  NH4
+ + OH− 

 

(3) 

In parallel, the chemical equilibrium of HF (mentioned in eq. 4) has been directed 

from F- ions (nonvolatile) to HF gas (volatile) that may release from the TMAH 

wastewater sample at elevated temperature.  

 

H+ + F− ⇄ HF (4) 

 

Table 4.1 presents the results of physicochemical analyses of the TMAH 

wastewater sample, pretreated wastewater samples at room temperature and after 

heating at 60 °C, and permeate samples at different feed temperatures. It was 

noticed that after acid neutralization, the concentration of sulfate (SO4
-2) ions was 

increased significantly in the pretreated TMAH wastewater due to the addition of 

H2SO4. Moreover, the nitrite (NO2
-) ions were created and appeared in the 

wastewater owing to the oxidation of NH4OH while the TMAH wastewater was 

stored in the collection tank. In contrast to the pretreated sample, the hot feed 

(preheated TMAH wastewater after pretreatment) sample showed a higher 

concentration of TMAH. The reason might be a higher water evaporation rate at 

elevated temperatures. However, at higher temperatures, the marginal degassing of 

HF gas was also observed.  

 

Considering MD treated permeates, the concentration of NH4OH and TMAH was 

reduced to an acceptable level. Moreover, the levels of analyzed metals, NO2
- and 

Na+ ions, and H2O2 were below the detection limits. However, the concentration of 

F- ions in the permeate samples was considerably high, i.e., 125-147 ppm. The 

reason was the presence of highly volatile HF gas in hot MD feed, which was 

passed through the membrane to the permeate side. Other ions, including SO4
-2, Cl- 

and NO3
- have quite low concentration. It is noteworthy that manganese (from 

catalyst MnO2) did not appear in the permeate samples. While analyzing the MD 

performance at different feed temperatures, the results show that elevated 

temperatures lead to slightly enhanced separation efficiency due to improved 

driving force (vapor pressure difference) and, in some cases, owing to enhanced 

solubility. While analyzing the carbon content in permeate samples, no definite 

trend was noted with varying temperatures, which indicates that the thermal 

decomposition of TMAH was not observed. Nevertheless, it is known that TMAH 

thermal decomposition temperature is above 65°C; hence, for TMAH wastewater 

treatment, the recommended MD feed temperature is ≤ 65°C. The other water 

quality parameters were also studied and presented in [201].  

 

During the reconcentration study, the achieved wastewater volume reduction factor 

was ~0.7 after eight hours of the MD separation process. The obtained permeate 

quality satisfies most local environmental standards for discharge to the recipient, 

except for F- ions concentration. To handle F- ions concentration, using strong base 

anion resin/activated alumina can be a favorable approach before disposal or reuse 

of the permeate as process water [204], [205]. 
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Wastewater from chemical mechanical planarization 

A total of 100 L of CMP wastewater was collected in five 20 L samples from imec, 

Belgium, during ten days (some variation in composition was inevitable owing to 

the changes in upstream trials). Samples 1, 2 and 3, were employed to examine the 

separation efficiency of the Xzero laboratory prototype for various conditions.  

Considering that concentration does not significantly affect the parametric study, 

the other two samples were used to study the permeate yield and energy 

requirement. The MD experiments (focused on determining the separation 

performance) were performed in two steps: i) no pretreatment using sample 1 (S1), 

and ii) with pretreatment while employing samples 2 and 3 (S2 and S3). In this 

case, acid neutralization was considered the only pretreatment where 0.5 mL of 

40% H2SO4 was added per L of collected samples before their introduction into the 

MD modules. The proposed CMP wastewater treatment process is presented in 

Figure 4.3. 

 
Figure 4.3 Schematic diagram of the proposed CMP wastewater treatment system 

Samples S1, S2 and S3, were employed in Test 1, Test 2 and Test 3, respectively. 

These tests were performed at constant feed and coolant flow rates of 7.2 L/min and 

8.3 L/min, respectively.  The other operating conditions were as follows: the feed 

inlet temperature of 85◦C for S1, 80◦C for S2 and 75◦C for S3; coolant inlet 

temperature of 35◦C for S1, 30◦C for S2 and S3; and elapsed time of 3h. Fluid flow 

conditions determine that average flow channel velocity was in a range of 0.025-

0.055 m/s, assuming a U-type flow pattern from inlet to outlet. This condition 

corresponds to a Reynolds number range of 800-2500. The feed, retentate and 

permeate samples of 0.5 L were collected and examined, and the volume reduction 

was also determined. 

 

Table 4.2 summarizes the physicochemical analysis of MD feed and the resulting 

permeate samples. In CMP wastewater samples, the primary metallic contaminants 

were silicon (Si), aluminum (Al), and copper (Cu), as anticipated. Along with these 

contaminants, phosphorus (P) was also in high concentration. It was also noticed 

that in all CMP wastewater samples, ionic concentration of NH4
+, K+, and PO4

-3 

was high, while except S1, the other two samples (S2 and S3) also have a 

significantly high concentration of SO4
-2 ions owing to the neutralization step. The 

obtained permeate samples of S1, S2 and S3 were named D1, D2 and D3, 

respectively. 
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Concerning MD permeate samples, the results show that the concentration of 

analyzed metals was below the detection limits except Ca, which was also 

considerably low. However, the separation efficiency of NH4
+ ions was not 

substantial, i.e., ~25% owing to highly volatile NH3 vapor in S1. With the 

pretreatment of other feed samples (S2 and S3), the formation of NH4
+ ions (non-

volatile) was favored in feed samples due to low pH. Consequently, the separation 

efficiency of NH4
+ ions was improved by three-fold, following quite low 

concentrations of NH4
+ ions (<0.05 ppm) in permeate samples. The other ions, 

including NO3
-, Cl-, SO4

-2 and F-, remained undetectable in the permeate samples 

along with quite low levels of PO4
-3 (0.03 ppm in S1). The resulting quality allows 

the permeate to get released into the recipient water bodies or reuse it as process 

water. When comparing overall performance in terms of separation efficiency, MD 

displays promising results as opposed to other available methods, including electro 

micro-filtration  [206], an integration of electro-dialysis and RO [207] and a 

combination of UF and RO  [9].  

 

Since the permeate was discharged from the MD system, the volume of the initial 

feed samples was reduced by the factor of ~0.3 in three hours, which led to a 

gradual increase in ionic and metallic concentration in the retentate samples. 

However, for metallic Ni and Cl- ions, the initial feed has higher levels than the 

concentrated retentate. The reason might be that these contaminants were adsorbed 

on the membrane surface. Detailed results are included in [202]. 

4.1.2  Module performance 

In addition to separation efficiency, permeate yield, energy analysis, and exergy 

efficiency of the Xzero laboratory prototype were also determined. As mentioned in 

the previous section, CMP wastewater samples were selected as MD feed, while 

assuming that composition and concentration change does not have any significant 

impact on the parametric study. During this study, ranges of feed inlet flow rates 

(3.5-7.2 L/min), coolant inlet flow rates (3.5-8.3 L/min), feed inlet temperatures 

(65-85°C), and coolant inlet temperatures (15-35°C) were considered. 

 

Yield analysis  

When performing yield analysis, the defining criterion for AGMD performance is 

transmembrane flux; therefore, it is critically investigated for the mentioned 

operating parameters.  In the first set of experiments, the variation of 

transmembrane flux was linked to the feed and coolant inlet flow rates at constant 

feed temperature (80°C) and coolant temperature (25°C). The second set of tests 

considered the effect of feed and coolant temperatures on transmembrane flux with 

constant feed flow rate (7.2 L/min) and coolant flow rate (8.3 L/min). The outcomes 

from the first set of experiments demonstrate that the increase in feed and coolant 

flow rates at constant temperatures provide higher transmembrane flux, which 

adopts a positive linear trend, as presented in Figure 4.4. The reasons involve 

reduced boundary layer resistance, higher bulk temperature along the feed channel 

(at higher feed flow rates), and increased vapor condensation rate (at higher cold 
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water flow rates). The transmembrane flux values vary from 9.7 to 11.7 L/m2h, 

which are in line with the outcomes reported by Baaklini [208].  

 

 
Figure 4.4 Variation of transmembrane flux as a function of MD feed and coolant 

flow rates while considering the other one constant. (Constant feed flow rate (Ff) 

was 7.2 L/min, and constant coolant (coolant) flow rate (Fc) was 8.3 L/min). MD 

feed temperature was 80°C, and the coolant temperature was 25°C.  

Figure 4.5 points out the observed effect on transmembrane flux values for varying 

feed and coolant temperatures, at constant flow rates. The results obtained from the 

second set of experiments exhibit that with raising feed inlet temperatures, the 

transmembrane flux increases with linear to weakly exponential fashion. The 

observed trends might be associated with lower viscosity of water and changes in 

the vapor pressure of water at elevated feed temperatures, as shown by the Antoine 

relation using eq. 6.  

lnPv = A +
B

C + Tf

 
(6) 

 

where A, B and C are the regression constants for the specific compounds, Tf  and 

Pv represent MD feed temperature and vapor pressure. For water, A = 23.238; 

B = 3841; C = 45. 

 

 
Figure 4.5 Effect of MD feed and coolant temperatures on transmembrane flux 

considering constant MD feed flow rate of 7.2 L/min and constant coolant flow rate 

of 8.3 L/min. 
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It was also found that lower coolant temperature provides higher transmembrane 

flux at constant feed temperature owing to the higher driving force. Nevertheless, at 

the same feed to coolant temperature difference (considering different feed and 

coolant temperatures), different transmembrane flux values were observed due to 

varying vapor pressure difference (driving force), conforming to the findings of 

Kujawa and Kujawski [209]. 

 

Energy analysis 

While conducting energy analysis of the AGMD system, specific thermal energy 

demand was considered the critical parameter.  Figure 4.6 displays the influence of 

feed and coolant inlet temperatures on specific thermal energy demand, at fixed 

feed and coolant flow rates (7.2 L/min and 8.3 L/min, respectively). Like 

transmembrane flux, specific thermal energy demand also adopts a positive linear 

trend with increasing feed temperature at constant coolant temperature. The reason 

behind this is the higher rate of heat transfer from MD feed to coolant, which leads 

to observe lower feed outlet temperature.  Moreover, an increase in coolant 

temperature also results in higher specific thermal energy demand due to reduced 

transmembrane flux. Hence, specific heat demand significantly increases at 

elevated feed and coolant inlet temperatures, i.e., 1390–2170 kWh/m3, in agreement 

with the values reported by Baaklini [208] and Woldemariam et al. [82].  

 
Figure 4.6 Effect of MD feed and coolant temperatures on specific heat demand 

considering the constant MD feed flow rate of 7.2 L/min and constant coolant flow 

rate of 8.3 L/min. 

The amount of heat transferred to coolant, permeate, and surrounding was also 

calculated for a series of coolant temperatures (15-35°C), considering fixed feed 

inlet temperature (80°C), as displayed in Table 4.3. With an increase in coolant 

temperature, the amount of heat release through permeate increases due to higher 

permeate temperature, despite having lower transmembrane flux. A comparable 

trend was observed for convective heat transfer. The outcomes depict that most of 

the heat (~90%) was recovered by coolant, whereas the remaining was directed 

towards permeate and surrounding through module surfaces, pipes, and joints. 
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Table 4.3 Effect of coolant temperatures on specific heat transfer flow rates to 

coolant and via permeate and convection at a constant feed inlet temperature of 

80°C. 

Coolant temperature (°C) Q̇c (kWh/m3) Q̇cv (kWh/m3) Q̇d (kWh/m3) 

15 1574 38 19 

20 1660 45 20 

25 1683 52 22 

30 1763 58 25 

35 1813 66 27 

 

Exergy analysis 
Since MD is an energy-intensive separation process, therefore, it is essential to 

consider a realistic measure of energy evaluation for the system. For this reason, the 

exergy analysis of the Xzero AGMD laboratory unit is also performed. Figure 4.7 

presents the process flow diagram of the Xzero AGMD laboratory prototype for 

exergy analysis. 
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MD module

Pump1

Pump2Water to be 
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Coolant tank 
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Recirculation tank 
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Figure 4.7 Flow diagram of Xzero laboratory unit 

 

The considered conditions include the MD feed and coolant inlet flow rates of 

7.2 L/min and 8.3 L/min, respectively; MD feed inlet temperature of 80°C and 

coolant inlet temperature of 30°C. For the purpose, the chemical composition and 

concentration of sample S2 (CMP wastewater) have been considered. The inlet and 

outlet exergies of principal components are shown in Table 4.4.  

 

Table 4.4 Exergy flow rates of the main components of Xzero laboratory unit 

Main Components Excomp, in (kW) Excomp, out (kW) 

Recirculation tank (with heater) 3.68 2.44 

MD feed pump (pump 1) 2.45 2.44 

MD module 2.49 1.76 

Coolant pump (pump 2) 0.047 0.046 

Coolant tank (with chiller) 1.87 0.047 
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The total exergy gain by the AGMD system was determined using (1) initial water 

stream exergy at the restricted dead state, (2) heater and chiller exergies, and (3) 

pumps exergies. With considered operating conditions, the calculated exergy gain 

by the system was ~4 kW. In comparison, the exergy gain by the MD feed was only 

~2 kW, including initial water stream exergy, heater exergy, and feed pump input 

exergy. Contrary to MD feed exergy gain, the required minimum work input for the 

treatment process was also calculated. The results determine that the minimum 

work input was ~0.75 kW, which indicates that the separation could be ideally 

performed using only ~0.75 kW instead of ~2 kW. 

Moreover, it was determined that the exergy efficiency of the whole unit was 19%, 

in line with published results for other single-cassette MD systems [210]. In 

comparison, RO shows lower exergy efficiency due to higher pressure drop [211]. 

Second-law efficiency can further be increased while introducing the concept of 

internal heat recovery in MD systems [212]. Figure 4.8 displays the exergy 

destruction share of key components of the Xzero laboratory prototype. The 

outcomes show that the recirculation tank is accountable for ~32% exergy 

destruction. The reasons include evaporation through the tank covering and heat 

losses through the recirculation tank walls. The share of the coolant tank was ~47% 

in total exergy destruction, which was considerably higher since the coolant tank 

was entirely uncovered. MD module was responsible for ~20% exergy destruction 

owing to the heat transfer through convection and conduction, heat losses through 

condensation walls and permeate release. The exergy destruction in the pumps is 

below ~1%. The pumps are mainly responsible for overcoming the friction losses 

along the pipes. Therefore the exergy input (electrical) for the recirculation pumps 

might be destroyed across the pipes. These outcomes exhibit the need for an 

optimized MD unit in terms of its membrane material and condensation plates 

design. Moreover, the recirculation and coolant tanks' performance can be enhanced 

using proper insulation to minimize conductive and evaporative losses.  

 
Figure 4.8 Exergy destruction share of the components in Xzero laboratory 

prototype 

4.2 Integrated large-scale systems 

A critical factor in the technology’s advancement links to handling the 

comparatively high thermal energy demand as opposed to other membrane 

processes  [213], which is particularly significant at the industrial-scale. As 

mentioned in section 2.4, there are various waste heat sources available in typical 
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fabs. Keeping in view of the characteristics of these heat sources, different 

industrial-scale semi-batch MD system configurations were designed and analyzed 

to treat selected wastewaters in a typical nano-electronics fab while considering the 

required pretreatment techniques (shown in Figure 4.9). Some assumptions were 

also taken into account for the analysis, i.e., (a) the system has steady-state flow; (b) 

the system allows purging of the concentrated stream to avoid caking and scaling 

on the membrane surface, and (c) MD feed and coolant have the similar flow rates. 

In the proposed design, the cascading of two MD modules was considered for 

enhanced energy efficiency through internal heat recovery. Moreover, the 

separation process was supposed to be multicycle to increase water recovery ratio; 

therefore, the retentate stream was recycled back several times through the MD 

system and combined with the makeup water in the feed tank. The count of the 

required MD modules and heat exchanger areas were estimated based upon the MD 

feed flow rate and specific heat demand to satisfy the requirement [54].  It was 

assumed that the specific heat demand is not sensitive to wastewater concentration 

when it is <10% (w/v %). 
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Figure 4.9 Flow diagram of proposed industrial-scale MD integrated system. In all 

cases, HX1 is considered as a primary heat recovery exchanger whereas; HX2 is for 

additional heating, and the HX0 is for preheating purposes. HXC presents the heat 

exchanger for the cold side. 

4.2.1 TMAH wastewater treatment 

Since the optimum temperature of MD feed for TMAH wastewater treatment is 

≤65○C, this level is selected as the target temperature to be achieved. The chosen 

heat sources for the purpose are condenser outlet water of ~35○C from heat 

recovery chiller (for preheating), process cooling water released from 

manufacturing tools of ~85○C (for primary heating), and hot air of ~350○C from 

VOCs abatement systems (for additional heating).  

 

According to the literature, the TMAH wastewater flow rate varies from under 0.2 

m3/h for small fabs up to 5m3/h for large fabs [214], [215]. Based on the available 

information, industrial waste heat driven large-scale MD setup was investigated for 

the treatment of TMAH wastewater of flow rate 2.5 m3/h (matching the amount 

releasing from a generic fab). The proposed industrial waste heat driven MD system 
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(case 1) was further compared with DH driven MD system (case 2) for TMAH 

wastewater treatment. In case 2, the DH supply line of 85°C was selected as the 

primary heat source to satisfy the thermal power demand of the MD system. 

Despite the case, water from the external cooling source is taken as coolant. The 

estimations determine that for reaching the aimed temperature of 65°C from the 

initial temperature of 20°C,   the total thermal power demand was approximately 

1.8 MW. Considering the temperature levels and available thermal power of the 

selected heat sources, the outcomes show that the proposed configurations are able 

to meet the thermal power demand of the full-scale MD system; thus, both of the 

cases are technically feasible options for TMAH wastewater treatment. Additional 

results about the presented cases are included in [201]. 

Depending on the flow rates and thermal energy demands, the equipment was 

designed for both cases for the large-scale MD system. Considering 2.5 m3/h of 

continuous TMAH wastewater flow rate, the estimated number of MD modules was 

196. In case 1, three heat exchangers (HX0, HX1 and HX2) were connected to 

exploit the maximum potential of the available industrial waste heat, while in case 

2, only one heat exchanger (HX1) was needed for DH integration. The specific 

electrical energy demand was around 0.5 kWh/m3. Commercial water tanks and 

pumps were selected considering the flow rates and expected storage. Furthermore, 

the required cooling water and chemical amounts were also calculated. Table 4.5 

summarizes the specifications of the main components and the necessary amount of 

raw materials.  

Table 4.5 Design specification of industrial-scale MD integrated system. 

Components Specifications 

MD modules N = 196 

Membranes Area = 451 m2 

Hot side heat 

exchangers 

Case 1 Total heat transfer area = 370 m2 

Case 2 Total heat transfer area = 278 m2 

Cold side heat exchanger Total heat transfer area = 278 m2 

Pumps Case 1 Capacity 660 m3/h, N = 8 

Case 2 Capacity 660 m3/h, N = 6,  

Water tanks Capacity = 150 m3/h, N = 6; Capacity = 5 m3/h, N = 1 

Pretreatment tanks Capacity = 5 m3/h, N = 2 

Raw materials Amount 

Chemicals Manganese 

dioxide 

5 kg/year 

Sulfuric acid 23 m3/year 

Cooling Water 1.2 Mm3/year 

4.2.2 CMP wastewater treatment 

There is no specific temperature restriction for CMP wastewater treatment using 

MD based process. Therefore, the selected target temperature is 80°C, and the 

chosen wastewater flow rate is 15 m3/h (matching the amount of CMP wastewater 
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releasing from typical fabs of 5000 m2). In this case, condenser outlet water from 

chillers (for primary heating) and hot air from VOCs combustion abatement 

systems (for additional heating) were selected. (Contrary to the TMAH wastewater 

treatment case, this time upper-range of temperature (85-90°C) has been considered 

for condenser outlet water from chillers). Moreover, DH (supply line of 85°C and 

return line of 45°C) is taken into account as an external heat source in a case when 

industrial waste heat is not adequate to reach the target temperature of 80°C.  

For this purpose, different configurations have been designed and examined for a 

continuous CMP wastewater flow rate of 15 m3/h. These configurations were 

classified depending upon the origin of selected heat sources in each case, i.e., 

industrial waste heat integrated MD system (designated as case 1a), DH (supply 

line) integrated MD system (identified as case 1b), and industrial waste heat and 

DH integrated MD systems (referred as case 2a (preheating is done by DH return 

line) and case 2b (additional heating is provided by DH supply line)). More details 

about the integration cases are mentioned in [216]. The MD feed and coolant flow 

rates were regulated to keep the mass balance around the overall system. The total 

thermal power requirement of the MD system was 12.38 MW for reaching the 

aimed temperature of 80°C from the initial temperature of 20°C. The estimations 

show that 555 cascades arranged in parallel are required for a full-scale CMP 

wastewater treatment system. Table 4.6 shows the design specifications of the 

industrial-scale CMP wastewater treatment system.  

Table 4.6 Design specification of industrial-scale MD integrated system. 

Components Specifications 

MD modules N = 1110 

Membranes Area = 2553 m2 

Hot-side 

heat 

exchangers 

Case 1a Total heat transfer area = 3140 m2 

Case 1b Total heat transfer area = 3093 m2 

Case 2a Total heat transfer area = 3199 m2 

Case 2b Heat transfer area = 3093 m2 

Cold-side heat 

exchanger 

Heat transfer area = 3093 m2 

Pumps Case 1a Capacity = 670 m3/h, N = 4; Capacity = 15 m3/h, N = 2, 

one air compressor 

Case 1b Capacity = 670 m3/h, N = 4; Capacity = 15 m3/h, N = 2 

Case 2a Capacity = 670 m3/h, N = 5; Capacity = 15 m3/h, N = 2 

Case 2b Capacity = 670 m3/h, N = 4; Capacity = 15 m3/h, N = 2 

Water tanks Capacity = 100 m3/h, N = 14; Capacity = 15 m3/h, N = 1 

Pretreatment tank Capacity = 15 m3/h, N = 1 

Raw materials Amount 
Sulfuric acid 60 m3/year 

Cooling Water 5.3 Mm3/year 
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4.3 Economic assessment  

In this section, thermally integrated large-scale MD systems for CMP wastewater 

treatment were chosen as a representation to investigate the economic feasibility. 

The economic model for the proposed systems was based on their equipment design 

and other operational requirements. Figure 4.10 summarizes total capital investment 

for four selected cases of thermal integrations for a full-scale wastewater treatment 

system of 15 m3/h. The outcomes display that the MD modules are the main cost-

capturing components and accountable for ~61–63% of overall equipment cost, and 

the heat exchanger takes second place with a share of ~21–23% of the total 

equipment cost. The heat exchanger cost contribution depends on the considered 

configuration and complexity of the process.  Equipment specifications are quite 

comparable; therefore, the overall equipment cost and total depreciable capital are 

nearly indistinguishable in all integration cases. The total depreciable capital 

accounts for ~28 M$. , where the key cost-drivers are inside battery limits and 

outside battery limits. It is noteworthy that this work also regards land and site 

development cost and plant startup cost as a total permanent capital investment, 

contrary to most of the studies in the literature. The resulting total permanent capital 

investment was ~3.4 M$, and the overall working capital was 0.65 M$. The 

estimated annual CAPEX was ~2.5 M$/year for all the considered cases. 

 

 

 

 Figure 4.10 Distribution of total capital investment for all the integration cases. 

Figure 4.11 displays the annual OPMEX breakdown for all integration cases. 

Usually, thermal energy cost is the most significant portion of the operating and 

maintenance cost (Ca,om), when the external heat sources are employed for 

satisfying the heat demand of the MD system. A related trend was noted for case 

1b, where only DH cost accounts for 98% of Ca,om. In cases 2a & 2b, the share of 

thermal energy cost is 63% of Ca,om, whereas in case 1a, the heat cost is negligible 



Imtisal-e-Noor, Doctoral Thesis-2021 

56 

 

since only industrial waste heat has been considered for the purpose. The cooling 

water contribution is also quite sensitive to the configurations and accounts for 2–

83% of Ca,om. Service and labor cost was accountable for 0.1–6% of Ca,om. The 

OPMEX also covers membranes replacement cost (~0.1–6% of Ca,om), and 

chemicals and sludge disposal cost (0.04–2.2% of Ca,om). The electricity cost was 

~0.05–3% of Ca,om. Among the mentioned cases, the case 1a is responsible for the 

lowest OPMEX, i.e., ~0.13 M$, whereas case 1b was subjected to the highest 

OPMEX, ~7.7 M$ owing to the highest thermal energy cost. The evaluation proves 

that Case 1a would be the preferred integration option when the operating cost is 

prioritized. 

 
Figure 4.11  Annual OPMEX for all integration cases. 

For determining the normalized CAPEX, two scenarios were selected: a new 

wastewater treatment plant (Scenario 1) and a retrofitted plant (Scenario 2). The 

outcomes show that the normalized CAPEX in scenario 1 (21 $/m3) is ten-fold 

higher than in scenario 2 due to the additional inevitable expenses. It was also 

found that the normalized OPMEX was widely fluctuated (1 to 65 $/m3) based on 

the type of thermal energy sources. The Case 1a exhibited the least wastewater 

treatment cost in both scenarios due to reasonable CAPEX and negligible thermal 

energy cost. The estimated unit water treatment cost is as low as 3.1 $/m3, ~95% 

less than the cost of CMP wastewater treatment while applying electrochemical 

systems (59 $/m3) [208]. (For TMAH wastewater, the expected unit water treatment 

cost using waste heat integrated MD system was ~16 $/m3 [201], which was 

approximately half of electrodialysis treatment cost: 36 $/m3 [189].) It was also 

revealed that the configuration of thermal energy sources has a negligible effect on 

the treatment cost; however, the chosen heat sources have a considerable impact on 

the economy.  

As shown from the economic evaluation, MD modules and types of thermal energy 

sources are the two principal cost drivers. Therefore, the sensitivity analysis was 

conducted for these economic factors, as presented in Figure 4.12. The analysis has 

been performed for both scenarios (new and retrofitted wastewater treatment 

facilities) of Case 1a.  
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While studying the effect of variation of the MD modules costs, it was found that 

treatment cost can be reduced up to 15.7 $/m3 in scenario 1 and up to 2.5 $/m3 in 

scenario 2, when module cost is decreased by 50%, and heat cost is supposed 

negligible. The cost per unit thermal energy varies depending on the heat sources, 

i.e., 0–100 $/MWh in that case, unit water cost can also be altered between ~22-105 

$/m3 in scenario 1, while it ranges from ~3-86 $/m3 in scenario 2, with reference 

MD module unit cost. Moreover, unit water treatment cost values were also 

estimated while varying the amount of waste heat used and total heat recovered. 

The outcomes show that when only external heat sources were considered without a 

heat recovery option, the water cost may increase to 86 $/m3 in scenario 1, with a 

heat cost of 77 $/MWh. However, it can be reduced to 75% when only industrial 

waste heat sources were taken into account without heat recovery. Similar results 

can be obtained when the option of an external heat source with complete heat 

recovery was selected (quite impractical). In scenario 2, when industrial waste heat 

was considered, the unit water treatment cost can be as low as 3.12 $/m3. 

4.4 Concluding remarks 

This chapter presented the techno-economic performance of the membrane 

distillation (MD) process for the treatment of different wastewaters from nano-

electronics industries. Case studies of imec, Belgium, have been chosen for the 

purpose, and the Xzero laboratory prototype was employed for experimental 

investigations. It was found that catalytic reduction and acid neutralization were the 

required pretreatment methods when wastewater from the photolithography process 

was considered. However, in the case of chemical mechanical planarization 

wastewater, only neutralization was needed before the MD separation step. 

Moreover, for the treatment of the photolithography process wastewater, the 

optimal MD feed temperature was 65°C since, above this temperature, the TMAH 

decomposition starts happening. The experimental results determine that high-

quality permeate was recovered, having a reasonably low concentration of the 

major contaminants, in most cases, below detection limits.  (The fluoride issue can 

be easily managed using an ion-exchanger, as an add-on step).  

 

The parametric study of the Xzero laboratory prototype shows that the maximum 

transmembrane flux was 14.8 L/m2h at the feed to the coolant temperature 

difference of 70°C. The specific thermal energy demand was ranged from 1390 to 

2170 kWh/m3 depending on the feed and coolant temperatures. In contrast, the 

achievable exergy efficiency was ~19%. The techno-economic system analysis of 

full-scale MD process shows that the estimated thermal energy demand can be 

readily managed using industrial waste heat sources of the nano-electronics 

facilities. Resultantly, the expected unit water treatment cost was around 3-16 $/m3, 

reasonably lower than the treatment cost associated with competitive methods. 

Sensitivity analysis confirms that thermal energy cost and the fraction of industrial 

waste heat utilization are the critical determinants, which can change the unit water 

treatment cost significantly. 
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Chapter 5 Water recovery from flue gas 

condensate in combined heat and power 

plants using membrane distillation 

(Appended articles IV and V) 

In combined heat and power (CHP) plants, numerous wastewater treatment 

methods are considered for cleaning flue gas condensate in order to fulfill dual 

purposes: satisfying boiler feed water quality standards and meeting wastewater 

release limitations [217]. In this respect, filter bags, sand filters and lamella 

clarifiers are employed for removing the particulate and solids from the flue gas 

condensate. Separation of salts and heavy metals involves ion exchange [10]. These 

arrangements are found competent when the treated condensate is discharged to the 

recipient water body. However, in circumstances where the concentration of 

specific contaminants is quite high, or water recovery is obliged for producing 

boiler makeup water, membrane processes are favored due to their more reliable 

performance and reduced cost. Typically a sequence of process steps are considered 

[7], [218], e.g., microfiltration (MF) for separating colloids and large particles, 

ultrafiltration (UF) for removing remaining colloids and small particles, and reverse 

osmosis (RO) for separating water molecules from ions. Table 5.1 shows the 

existing flue gas condensate treatment methods in some major CHP facilities in 

Sweden, along with their fuel types. 

Table 5.1 Flue gas condensate treatment methods in CHP plants in Sweden [219]–

[221] 

CHP Plants Location Fuel type Purification methods 

Värtaverket 8 Värtan  Forestry products MF, UF and RO 

Bristaverket Brista  Wood residues and 

municipal solid waste  

MF, UF, bag filter and RO  

Högdalenverket Högdalen  Municipal solid waste  MF, UF, bag filter and RO 

E.ON 

(Åbyverket) 

Örebro  Peat and wood chips  CO2 degassing, MF, UF, 

RO, ion exchangers and 

ammonia removal 

Söderenergi AB Södertälje  Wood chips  MF, UF, RO, EDI and 

ammonia removal 

Karlskoga 

Energi 

Karlskoga  Animal waste, peat, 

recycled paper/plastic 

and wood chips 

MF, UF, RO, EDI, ion 

exchanger, membrane 

degasser and mixed bed 

Sävenäsverket  Gothenbur

g  

Forestry products MF, UF, water softeners, 

Bag filter  and RO 

Sevab Strängnäs 

Energi 
Strängnäs  Municipal wastes and 

recycled wood 
MF, UF, bag filter, RO, 

water softeners and EDI 
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These methods are highly recognized and generally useful, but there is still a need 

for a cost-efficient arrangement with increased water purity. Additionally, there are 

some technical issues, including bio-fouling, scaling, sludge disposal, and upper 

pressurization limits. The CHP plants have also reported poor separation efficiency 

of some contaminants in the RO based process. Hence, unique membrane 

separation techniques are of great concern, with benefits of the established 

processes. In this setting, MD is a potential membrane technology that has inherent 

advantages as compared to RO in that it can realize higher recovery ratios, has 

reduced fouling problems and requires less mechanical stress for the membranes 

due to low operating pressures [12]. These attributes warrant higher permeate yield, 

which in turn minimizes freshwater demand and lessened concentrate/sludge 

disposal requirements, following potentially lower capital and/or operating and 

maintenance expenditures. Moreover, heat sources and sinks required for the 

efficient operation of MD technology are well-suited for CHP integration. 

A handful of studies have been performed to explore the potential of MD 

technology in the power industry. Ali et al. [124] demonstrated the performance of 

lab-scale DCMD while treating flue gas desulfurization wastewater. The 

researchers reported that all the non-volatiles were removed up to 99.5%. Conidi et 

al. [123] examined the lab-scale RO-DCMD integrated process to reduce salt-

content from flue gas desulfurization wastewater and reclaim the purified water. In 

this study, RO-retentate was further concentrated using MD. The results showed 

that the non-volatiles were separated successfully, and up to 94% of the water was 

recovered. Yu et al. [125] assessed bench-scale DCMD to concentrate cooling 

tower blowdown. The researchers reported that 99.5% of salts were removed, and 

water recovery extent was increased from 68% to 87% with the use of antiscalant. 

Chuanfeg et al. [126] and Kullab et al. [127] conducted pre-studies on pilot-scale 

AGMD for flue gas condensate treatment. It was reported that heavy metals and 

particles from flue gas condensate could be separated successfully. However, 

ammonium could not be removed entirely. It is noteworthy that Kullab et al. [127] 

introduced the DH driven MD system in the study, but the strategy to address DH 

supply ─ MD heat demand balance and economic analyses of such integrations 

were not reported.  Later, Fortkamp et al. [128] examined the flue gas condensate 

cleaning while applying the comparable AGMD system and determined that 

ammonium separation issues were still present. 

Since the removal of ammonium ions from the flue gas condensate is essential 

before its release or reuse; therefore, it must be addressed along with the 

elimination of non-volatiles.  Goldschmidt et al. [222]  examined different 

commercially used alternatives for ammonium separation and suggested acid 

quenching as the best option due to its lower maintenance requirements. In 2014, 

Bristaverket (biofuel-fired) CHP facility employed an acid stream quench system 

that presented satisfactory outcomes. However, biofouling during the flue gas 

condensate treatment led to a shorter RO membrane lifetime [223].  
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The novel combination of MD separation with acid neutralization may exploit both 

methods' advantages for innovative flue gas condensate treatment. This chapter is 

focused on exploring this novel concept in detail. The investigations include 

experimental and techno-economic studies of MD based separation process for 

treating actual flue gas condensate feeds from municipal solid waste (MSW) and 

biofuel-fired CHP plants. Facilities operated by Stockholm Exergi AB were 

selected since they represent modern waste incineration and biofuel-fired CHP 

plants. The main emphasis of the experimental studies is the separation efficiency 

of major contaminants and water recovery. Moreover, the effect of parametric 

variation on the performance of the Xzero AGMD pilot plant was also studied. The 

work also involves the techno-economic analysis of large-scale systems for 

advanced flue gas condensate treatment in CHP plants. 

5.1 Stockholm Exergi facilities 

The Högdalenverket and Bristaverket, owned and operated by Stockholm Exergi 

AB, are the two considered CHP facilities. The Högdalenverket facility contains six 

boilers that consume up to 700,000 tonnes of waste per year and supply ~2200 

GWh of heat annually. In contrast, the Bristaverket facility is comprised of an 

MSW CHP plant and a biofuel-CHP plant. The MSW CHP plant provides 500 

GWh of heat annually by combusting 240,000 tons of MSW, whereas the biofuel-

CHP facility supplies 760 GWh of heat per year while utilizing 350,000 tons of 

wood chips. Sections 5.1.1 and 5.1.2 include the description of the existing flue gas 

condensate treatment processes in the selected facilities. Moreover, proposed 

alternative MD based options are also introduced.  

5.1.1 Högdalen CHP facilities 

The flue gas condensate from Högdalen CHP facilities is usually heavily 

contaminated, which requires it to be treated before discharge to the recipient or 

return as the boiler feed water (for saving freshwater purchases). In this framework, 

the flue gas condensate from the condenser is first buffered and then filtered 

through vibrating screens to eliminate the suspended solids.  After that, the flue gas 

condensate is directed to another buffer tank, and next, it passes through the UF 

modules to separate small particulates, resins and oils. This ultra-filtered flue gas 

condensate is then entered into the following buffer tank and is later sent to the bag 

filters for further cleaning. After this stage, RO modules are introduced for the 

advanced treatment of the flue gas condensate. Based on the seasonally dependent 

DH requirement, the flow rate of RO-treated flue gas condensate ranges from 10-

100 m3/h.  The clean condensate is usually mixed with city water (when it is 

insufficient to meet the boiler water demand). The mixed water is further sent for 

additional treatment to satisfy boiler water quality standards. In the case when the 

clean condensate is in abundance, the excess amount is released to the recipient. 

While the existing RO based system for flue gas condensate treatment has proven 

satisfactory, few operation and maintenance issues are worthy of note. For instance, 
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UF modules encounter severe biofouling issues that have increased the maintenance 

frequency from two cleanings per year to one cleaning per week and have also 

reduced the yield by four-fold. The problem is resolved by sodium hypochlorite 

(NaOCl) dosing in the buffer tanks. Moreover, the membrane scaling in RO 

modules may cause serious concerns for the long-term operation of the modules. 

Furthermore, the RO removal efficiency of specific contaminants is no longer 

adequate due to tightened environmental controls. For example, this process faces 

the challenge of maintaining acceptable levels of ammonia (NH3) and mercury 

(Hg), pointing to the need for additional investments in water treatment technology. 

The alternative arrangement involves off-loading the RO based system, downstream 

of the shaking screens with MD based system.  Figure 5.1 shows the existing RO-

based flue gas condensate treatment process in Stockholm Exergi (municipal solid 

waste (MSW) fired) Högdalen cogeneration facilities [223]. 
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Figure 5.1 Process flow diagram of RO based flue gas condensate treatment in 

Stockholm Exergi Högdalen CHP facility. The Red dashed line shows an area of 

interest for introducing an MD based system. * indicates additional investment. 

5.1.2 Bristaverket CHP facilities 

The flue gas condensate treatment system of the Bristaverket CHP facilities is 

displayed in Figure 5.2. The flue gas condensate from the MSW incineration CHP 

plant is first passed through MF bag filters to remove the suspended solids. After 

that, it is sent to UF modules and subsequent set of bag filters to separate the 

residual solids and small particulates. For further cleaning, it then flows through RO 

filters. The RO treated flue gas condensate is next introduced to an ion exchanger 

before entering into a condensate collection tank. Ion exchangers are specifically 

used to remove the remaining metals, i.e., mercury (Hg). The typical volumetric 

flow rate of flue gas condensate from the MSW-CHP plant is around 20 m3/h.  

In the biofuel-fired CHP plant, the flue gas condensate is sent to MF shaking 

screens and is then exposed to ultraviolet (UV) light for microorganism control. 

Afterward, it follows an analogous route of flue gas condensate treatment for MSW 

incineration CHP plant (exception: ion exchangers are not considered in this case).  

From the biofuel-fired CHP plant, around 40 m3/h of flue gas condensate is added 

into the collection tank. 
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Later, based on requirements, the clean condensate is sent to various destinations: 

1) discharged to the recipient water bodies after pH adjustment; 2) sent for 

advanced treatment to produce boiler feed water; 3) directed to ash slag in the waste 

fired boiler. 
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Figure 5.2 Process flow diagram of RO based flue gas condensate treatment in 

Stockholm Exergi Bristaverket CHP facility. The Red dashed lines show an area of 

interest for introducing an MD based system. 

In the MSW incineration and biofuel-fired CHP plants, it is reported that the MF 

and UF modules are facing challenges concerning biofouling. These issues lead to 

the requirement for an advanced wastewater management system, which can 

potentially resolve the problem in an eco-friendly and economical manner. 

5.2 Technical performance of Xzero laboratory prototype and 

pilot plant 

This section includes experimental investigations for flue gas condensate treatment 

via the Xzero AGMD facilities, in which the primary focus is on the separation 

efficiency of the main contaminants and feed reconcentration (associated with 

volume reduction). Moreover, parametric studies are also presented to demonstrate 

the potential of the system.  

5.2.1 Separation efficiency 

The experimental study was conducted in two phases (A and B). In phase A, flue 

gas condensate samples from Högdalenverket were tested, while in phase B, flue 

gas condensate samples from Bristaverket were considered. 

In phase A (linked to Högdalen CHP facilities), actual flue gas condensate samples 

were collected from MF shaking screens outlet and further referred as S1-A (while 
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using Xzero laboratory unit) and S2-A (when Xzero pilot plant is employed). In 

addition, RO permeate was also collected from the RO outlet and considered as a 

reference sample (S3). Considering the limitation of MD for removal of volatile 

contaminants (ammonia), the need for acid neutralization was required to be 

investigated. Therefore, in lab-scale experiments, the MD tests were performed for 

two cases: no pretreatment and acid neutralization pretreatment, which was 

achieved by adding 0.9 mL of 40% concentrated sulfuric acid per L of collected 

samples to adjust the pH. After pretreatment, the sample S1-A was denoted as S1-

A*. The 10 L flue gas condensate sample (S1-A/ S1-A*) was filled in the 

recirculation tank for each test. Each test ran for 3 hours. In pilot-scale trials, 

pretreatment was performed by neutralizing with 37% H2SO4 (1 mL/L); this feed 

was expressed as S2-A*. A total of 1 m3 of the sample S2-A* was pumped through 

a 10-micron filter before filling the feed tank of the MD pilot facility. Owning to 

the limitation of available equipment, only module 5a of the Xzero pilot plant was 

used. The detailed experimental methods are explained in [224]. 

 

In phase B (at Bristaverket CHP facilities), the real raw flue gas condensate samples 

of a total of 40 L were collected from waste-fired and biofuel-fired CHP plants. The 

experiments were performed using the Xzero laboratory unit in two sections: 

section 1, when flue gas condensate from MSW CHP facility (S1-B) is considered, 

and section 2 when flue gas condensate from biofuel-fired CHP facility (S2-B) is 

tested. Similar to phase A, the MD experiments were performed in two steps for 

each section, (1) no-pretreatment and (2) with neutralization. In this phase, 0.5 mL 

of 40% H2SO4 has been added per L of flue gas condensate samples for 

neutralization, before their introduction to the MD system. After neutralization, the 

sample S1-B is referred to as S1-B*, and sample S2-B is named as S2-B*. 

Feed, concentrate and permeate samples of 1 L were collected in glass bottles and 

sent to independent laboratories for physicochemical analysis (as mentioned in 

section 3.2.1). Figure 5.3 shows the considered scheme for flue gas condensate 

treatment, and Table 5.2 presents the operating parameters and conditions for 

experimental runs in phases A and B (for evaluating the separation efficiencies).  

 

 
 

Figure 5.3 Schematic diagram of proposed flue gas condensate cleaning system 
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Table 5.2 Experimental conditions of phase A and B testing 

 Phase A Phase B 

 Högdalen CHP facilities Bristaverket CHP 

facilities 

Parameters Xzero laboratory 

prototype 

Xzero pilot 

plant 

Xzero laboratory 

prototype 

Feed sample volume (L) 10 1000 10 

Feed temperature (°C) 70 55, 70, 80 70 

Coolant temperature (°C) 18 15 18 

Feed flow rate (L/min) 4.9  10 4.9  

Coolant flow rate (L/min) 6.8 10 6.8 

Permeate sample Size (L) 1 1 1 

Phase A (Hödgalen CHP facilities) 

 

Table 5.3 summarizes the outcomes of physicochemical analysis of raw flue gas 

condensate samples (S1-A and S2-A), pretreated flue gas condensates (S1-A* and 

S2-A*) and their resulting permeate samples. The obtained permeate samples of S1-

A and S2-A (no pretreatment) are named as D1-A and D2-A, whereas the 

permeates of S1-A* and S2-A* (with neutralization) are denoted as D1-A* and D2-

A*, respectively. 

 

Considering sample D1-A, most of the analyzed metals were under detection limits 

except Cd and Pb; however, their concentration was below the maximum 

acceptable levels. Moreover, the obtained concentrations of Na, Hg and Zn were 

lower in comparison to the related values of RO permeate (S3). In the case of ions, 

the separation efficiency of MD for Cl- and SO4
-2 was >99%, whereas the 

concentration of ammonium ions was not substantially reduced, i.e., ~35% owing to 

the high volatility of ammonia. Resultantly, higher conductivity of sample D1-A 

was observed than that of the S3 sample. This finding points to the need for 

pretreatment via acid neutralization.  It was found that after pH adjustment, 

ammonium concentration in D1-A* was <0.05 ppm, which was lower than the 

achievable value (3.32 ppm) for RO permeate (S3). When the quality of D1-A and 

D1-A* was compared, it was found that metallic concentrations were similar in MD 

permeate samples. The concentration levels of all analyzed metals in D1-A* were 

following regulated limits except Cd. Considering other water quality parameters, 

the values for D1-A* were found comparable to the respective values for the RO 

permeate sample (S3). Since acid neutralization was taken into account as a 

pretreatment step, the pH of samples D1-A* was comparatively low (~5). More 

results are discussed in [224]. 
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In phase A of testing, the Xzero pilot plant's performance was also evaluated for 

flue gas condensate treatment at different feed temperatures. Considering metallic 

concentration, it was observed that the quality of the permeate samples was not 

significantly affected by the feed and coolant temperature variation. Similar to lab-

scale experiments, the concentrations of Hg and Na were seen lower compared to 

that of RO permeate (S3). Moreover, the removal efficiency of NH4
+, Cl- and SO4

-2 

was more than 99.5%. It was also noticed that the concentration levels of the 

analyzed metals and ions in all MD permeate samples were ranged from under 

detection limits to below the permissible concentration levels. As a result of 

neutralization, the pH of the MD permeate samples was low, i.e., 4.6-5.4, which can 

be normalized to 7 when added with municipal water. Moreover, the values of other 

water quality parameters, including conductivity, TOC, TDS, COD,  TOC, 

alkalinity and turbidity, were either equal to or lower than that of RO treated 

permeate (S3). The additional outcomes can be found in [224]. 

 

Moreover, the reconcentration study was performed using the Xzero pilot plant to 

examine the potential of achieving high recovery ratios for the available pilot-scale 

system. Here an initial volume of 2.5 m3 was considered. The experiments were 

performed at constant feed and coolant temperatures of 50°C and 18°C, 

respectively; feed and coolant flow rates were 50 L/min, each. Moreover, the DH 

return line was selected as the thermal energy source, and the cold water was taken 

as a heat sink. The feed was reconcentrated for 105 hours, and the experiments were 

performed in five stages. The outcomes show that 92% of the water was recovered 

from the selected flue gas condensate sample while reducing the feed volume from 

2500 L to 200 L. As a result, the concentration of the contaminants in the feed was 

increased, as anticipated, and the conductivity was also reached up to 1400 mS/m. 

In contrast, the concentration of analyzed contaminants in the permeate samples 

was found under acceptable values, except for Cd and Zn in some runs. The 

detailed results and discussion are presented in [224]. 

 

Phase B (Brista CHP facilities) 
 

Table 5.4 presents the physicochemical analyses of the raw flue gas condensate 

samples from MSW and biofuel-fired CHP facilities (S1-B and S2-B, respectively), 

neutralized flue gas condensate samples (S1-B* and S2-B*) and related MD 

permeate samples. The resulting permeate samples of S1-B and S2-B (no 

pretreatment) are symbolized as D1-B and D2-B, whereas the permeate of S1-B* 

and S2-B* (with pretreatment) are shown as D1-B* and D2-B*, respectively. 

Moreover, the concentration of reference permeate samples from the particular CHP 

facilities are also mentioned and compared.  (For MSW CHP facility, reference 

permeate is RO and ion exchange-treated condensate, whereas, for biofuel-fired 

CHP facility, it is RO permeate).  

 

When considering the quality of samples S1-B and S2-B, it was observed that S1-B 

has a comparatively higher metallic and anionic concentration; however, S2-B has a 

significantly higher level of ammonium ions compared to S1-B. Nonetheless, the 
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quality of S2-B seems relatively better than S1-B when the other water quality 

parameters are compared. However, when S1-A and S1-B were compared, the 

quality of S1-B was found better. The noted difference in samples' quality is 

certainly linked to different methods for flue gas cleaning and variable boiler feed. 

 

The physicochemical analysis of D1-B reveals that the analyzed metals have 

concentration under detection limits, except for Cd and Pb, but their levels are quite 

low with a maximum of 0.8 ppb.  The concentration level of NH4
+ ions was also 

quite low (1.9 ppm), and the anions were not found in the D1-B sample.  Compared 

to the related reference permeate, a higher concentration of Cd and Pb in D1-B was 

found. In contrast, reference permeate has a higher level of Na and As. The 

examination of D1-B* presented that NH4
+ ions were not detectable in the permeate 

sample. The comparison of D1-B and D1-B* proves that D1-B has acceptable 

quality, and neutralization is not needed in this particular case, contrary to the 

results shown in the Högdalen case study (for D1-A). However, concerning the 

concentration levels of Cd and Pb in D1-A and D1-B samples, it was found that 

they were similar in both permeate samples. Though, the release limit for Cd in the 

Brista facilities is considerably tighter.  

 

In terms of the metallic concentration of D2-B, it was determined that only Cd was 

detectable among all analyzed metals, though the level was adequately low. The 

anions concentration was under the detection limit; however, the NH4
+ ions 

concentration was above the allowable limit, i.e., 12 ppm, with unsatisfactory 

removal efficiency. When compared with reference permeate, it was observed that 

Hg concentration in reference permeate was higher, whereas D2-B has a slightly 

higher concentration of Cd and NH4
+ ions than reference permeate. A higher level 

of NH4
+ ions in D2-B required acid neutralization, which eventually helped reduce 

NH4
+ ions concentration up to 0.045 ppm, in D2-B*. However, it leads to other 

challenges such as the higher concentration of Pb, Cd and Hg, compared to D2-B 

and reference permeate.  

 

Since the complete separation is not observed, the reasons may involve adsorption 

and permeation of particular contaminants (i.e., Hg, Cd and Pb, in their elemental 

and/or compound forms) through the membrane.  In this respect, the two critical 

parameters are temperature and pH values, which affect the contaminants' 

concentration levels in feed, permeate, and retentate samples. (Diffusion of 

pollutants in a liquid phase has not been contemplated at this point.)
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The observed non-ideal separation of contaminants may attribute to the following 

potential mechanisms: 

 

 Higher temperature levels increase the vapor pressure of some elements (or 

their compounds) as well as improve the solubility of various salts. For 

instance, elemental Hg shows high vapor pressure (volatility) at elevated 

temperatures; on the other hand, the increase in solubility of HgCl2 (rich in flue 

gas condensate) can be observed at the higher temperature, that may lead to the 

presence of Hg both in permeate and concentrate [225]. The elemental Cd is 

also quite volatile and insoluble; however, CdCl2 (abundant in flue gas 

condensate) is very soluble in water, and its solubility improves with an 

increase in temperature [226]. The other contaminants, for example, PbCl2 is 

sparingly soluble but highly volatile; however, at elevated temperatures, it also 

shows higher solubility.  

 The variation in the pH level may alter the speciation of elements in the 

solution as well as change the surface charge of the polymeric (PTFE) 

membrane.  

 Depending upon the chemical and thermodynamic stability of the elements 

and their compounds in the solution, their speciation at a certain pH level 

can be defined by the Pourbaix diagram [227]. For instance, oxides of Hg, 

Pb and Cd may not be observed when the pH of the solution is <4 [227]–

[229]. Therefore, the acidic flue gas condensate might not contain these 

oxides. Moreover, at lower pH levels, the NH3 concentration is negligible 

since the equilibrium favors the formation of NH4
+ in aqueous solution 

[230].  
 The change in pH level alters the electrostatic interactions among the 

membrane surface and charged solutes, which determine the permeation or 

retention of the contaminants; counter-ions attract towards the membrane 

surface; however, co-ions show the opposite behavior [231]–[233]. This 

might be another explanation of the presence of Hg, Cd and Pb in the 

permeate samples. 
 Additionally, the solubility of some salts is also affected by their 

associated anions and pH levels, which can be described by Le Chatelier's 

principle [234]. In the acidic flue gas condensate samples, the solubility of 

almost all sparingly soluble salts (whose anion is the conjugate base of a 

weak acid) is enhanced dramatically. However, with pH change, no to 

little effect can be recorded on the solubility of the salt whose anion is the 

conjugate base of a strong acid or stronger weak acid, respectively (for 

instance, sulfates and chlorides). 

 

Thus the performance of the MD systems may considerably be influenced by higher 

temperatures and lower pH values due to the change in properties of the MD 

membrane and contaminants. 
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Combined Scenario 

At the Bristaverket facilities, clean condensates from both plants are typically 

mixed and referred as HR. The comparison of D1-B and D2-B* with HR indicates 

that MD permeate samples have a relatively higher concentration level of Pb, Cd 

and Hg (only in case of D2-B*); however, HR shows comparatively higher amounts 

of Hg (in case of D1-B), Na, and NH4
+ ions. The final comparison of the values of 

MD permeates with release limits (RL) reports that D1-B and D2-B* have partially 

fulfilled the RL requirement. For improving the performance of the MD system, the 

mixing of permeates is considered as one of the options. The results tell that when 

D2-B and D2-B* are mixed in the ratio of 4 to 1, the quality of the mixed permeate 

(M1) was much closer to the desired outcome. Moreover, when M1 is added in the 

equal amount of D1-B, the mixed permeate (M12) fulfills the regulatory 

requirements, except for Cd. The detailed outcomes are presented in [235]. To 

manage the concentration of Cd, existing ion exchangers with cation resins can be 

employed as an add-on before releasing the clean condensate to water bodies or 

reuse as boiler/process feed water. [236].  

5.2.2 Module performance 

Apart from determining the removal efficiencies of MD systems, a parametric study 

was conducted for analyzing the system performance at different operating flow 

rates and temperatures. For understanding the impact of these parameters on the 

performance of MD pilot plant, ranges of feed and coolant flow rates (10-25 L/min, 

in increments of 5 L/min), feed inlet temperatures (50-90°C, in increments of 5°C), 

and coolant inlet temperatures (15-55°C, in increments of 5°C) were employed.  

For this study, neutralized flue gas condensate sample, S2-A* (from Högdalen CHP 

facilities) was taken as MD feed, considering that composition and concentration 

change does not significantly affect the parametric study.  

Yield analysis  

Figure 5.4 and Figure 5.5  present the effect of MD feed and coolant temperatures 

and flow rates on transmembrane flux.  The outcomes show that lower coolant 

temperatures and higher feed temperatures were linked to comparatively higher 

transmembrane flux due to improved driving force. Moreover, the higher feed to 

coolant temperature difference resulted in greater flux. It is noteworthy that, for the 

same temperature difference between feed and coolant streams, slightly higher 

transmembrane flux was obtained at higher feed temperatures. The maximum 

achievable flux was 7.2 L/m2h, at the feed temperature of 80°C and coolant 

temperatures of 15°C. Concerning the effect of flow rates at constant temperatures, 

it was found that an increase in MD feed and coolant flow rates improved the 

transmembrane flux and exhibited a positive linear trend. These outcomes are in 

line with the results shown in section 4.1.2 
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Figure 5.4 Effect of MD feed and coolant temperatures (Tf and Tc) on 

transmembrane flux considering constant MD feed and coolant flow rate of 

20 L/min. 

                 
Figure 5.5 Effect of MD feed and coolant flow rates on transmembrane flux 

considering constant MD feed temperature of 80°C and coolant flow rate of 25°C. 

Energy analysis 

Figure 5.6 shows the effect of various feed and coolant temperatures at specific 

thermal energy demand of a single module of the Xzero pilot-plant. The results 

show that the specific thermal energy demand varied between  450-1000 kWh/m3 

when the feed temperatures were increased from 50°C to 90°C, and coolant 

temperatures ranged between 15°C to 55°C (at constant feed and coolant flow rates 

of  20 L/min, each). The higher specific thermal energy demand was primarily 

subjected to the higher temperature drop of the feed stream across the MD module 

(at elevated feed temperature)  and the lower amount of permeate produced (at 

higher coolant temperature).  Figure 5.7 reveals that the net thermal energy demand 

showed a similar trend at elevated coolant temperature with constant feed 

temperature, owing to lower product yield. However, it conferred the opposite 

direction for higher feed temperatures at fixed coolant temperatures due to the 

increased heat transfer rate to the coolant. The minimum net thermal energy 

demand was about 17 kWh/m3, considering feed to coolant temperature difference 

of 65°C, and MD feed and coolant flow rates of 20 L/min each. Moreover, it was 
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found that the specific electrical energy demand varies from 0.05 kWh/m3 to 0.22 

kWh/m3, depending upon the MD feed flow rates. 

 
Figure 5.6 Effect of MD feed and coolant temperatures (Tf and Tc) on specific 

thermal energy demand considering constant MD feed and coolant flow rates of 

20 L/min. 

 
Figure 5.7 Effect of MD feed and coolant temperatures (Tf and Tc) on net heat 

demand considering constant MD feed and coolant flow rates of 20 L/min.  

5.3 Integrated large-scale systems 

The principal challenge in managing an industrial-scale MD system is addressing 

its relatively high thermal energy demand. In CHP facilities, one possibility is to 

employ DH network lines to operate the large-scale MD system for advanced flue 

gas condensate treatment. In this study, simulations have been performed for the 

MD plant capacity of 100 m3/h (matching the flue gas condensate amount released 

from Högdalen CHP facility) while analyzing two different thermal integrations. In 

case 1, the DH supply line of temperature 95°C is adopted as a heat source, while 

the DH return line of 40°C is taken as a heat sink for the MD system. In case 2, the 

DH return line of 60°C is employed for heating the MD feed whereas, an external 

cooling source of 10°C, i.e., municipal water or water from the cooling tower, is 

selected as a heat sink. Figure 5.8 a and b present the proposed semi-batch process 

configurations of the DH-MD systems for cleaning flue gas condensate in CHP 
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facilities while considering acid neutralization as the only considered pretreatment 

method. The assumptions for designing the process are the same, as mentioned in 

section 4.2. For improved energy efficiency, cascading of every two MD modules 

was assumed. The design supported the concentrate to recycle back to the system to 

enhance the extent of water recovery. When the concentration limit was achieved, it 

was supposed that the concentrate was purged from the system to satisfy the safety 

controls.  

Flue gas condensate

Concentrate

/Retentate

MD feed

Distillate/

Permeate

Acid 

Neutralization

Feed tank 
DH Return 

line outlet

DH Return 

line inlet

DH Supply 

line inlet
DH Supply line outlet

CHP 

Facility

MD 

Module

MD 

Module

Blow down

 

(a) 

Flue gas condensate

Concentrate

/Retentate

MD feed

Distillate/

Permeate

Acid 

Neutralization

Feed tank 

DH Return 

line inlet

DH Return 

line outlet

CHP 

Facility

MD 

Module

MD 

Module C
o

o
li

n
g
 s

o
u

rc
e

Cooling 

water inlet

Cooling 

water outlet

Blow down

 

(b) 

 

Figure 5.8  Flow diagrams of the proposed industrial-scale DH-MD integrated 

systems; (a) scheme for case 1 (DH supply line as a heat source and DH return line 

as a heat sink), (b) scheme for case 2 (DH return line as a heat source and other 

cooling sources as a heat sink). 

Table 5.5 compiles the outcomes of the studied configurations of the DH-MD 

system for flue gas condensate treatment. The estimates show that for case 1, the 

transmembrane flux was relatively higher due to elevated feed temperatures and the 

higher temperature difference between feed and coolant. Moreover, in case 1, the 

total thermal power demand was nearly 102 MW, where 83% of the total was 
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transferred to the DH return line; consequently, the net thermal power consumption 

was only 18 MW. In comparison, the transmembrane flux was reduced up to 1.6 

times in case 2, and there was no option available for heat recovery. As a result, the 

net thermal power consumption in case 2 was relatively higher, i.e., 46.5 MW. 

Table 5.5 Estimated parameters for considered cases of integrated MD system.  

Parameters Case1 Case 2 

 MD1 MD2 MD1 MD2 

MD feed inlet temperature (°C) 90 80.9 55 52.7 

Feed outlet/concentrate temperature (°C) 80.9 74.8 52.7 50.8 

Coolant inlet temperature (°C) 45 52.8 15 17.9 

Coolant outlet temperature (°C) 52.8 58.3 17.3 19.1 

Average transmembrane flux (L/m2h) 4.78   2.91 

Total specific heat demand (kWh/m3)* 1020  464  

Total thermal power demand (MW)*ʄ 102  46.5 

Net thermal power consumption (MW)* ʄ 17.7  46.5  
*Initial flue gas condensate temperature of 25 °C and cascading of two MD modules were considered. 
 ʄMD system of capacity 100 m3/h was selected. 

 

Depending upon the results mentioned above, the required membrane area and the 

total count of MD modules were estimated for each case. In case 1, owing to 

relatively higher transmembrane flux, the number of necessary MD modules was 

lesser compared to case 2. Similarly, the required heat exchanger area was 1.6 times 

higher in case 2, linked to the higher MD feed flow rate to realize the target 

capacity of the system. The number of pumps and the amount of cooling water was 

also estimated by matching the flow rates for both configurations of the system.   It 

is assumed that all the raw flue gas condensate needs to be treated before its 

introduction to the MD system.  The outcomes of the equipment design are 

presented in Table 5.6. 

 

Table 5.6 Design specification of industrial-scale integrated MD system for both 

cases 

Components Specifications 

 Case 1  Case 2 

MD modules N=9084 N=14921 

Membranes Area = 20894 m2 Area = 34319 m2 

Heat exchangers N= 2, Heat transfer area = 

25315 m2 

N= 2, Heat transfer area = 

41580 m2 

Pumps Capacity 5500 m3/h, N=4  

Capacity 100 m3/h, N=2  

Capacity 9000 m3/h, N=4 

Capacity 100 m3/h, N=2 

Raw material Amount 

40% concentrated 

sulfuric acid 

800 m3/year 800 m3/year 

Cooling water - 72 Mm3/year 
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5.4 Economic assessment 

Based on the technical requirements, the process economy of the proposed large-

scale DH-MD systems was determined, where the ultimate measure is unit clean 

condensate cost. The outcomes show that MD modules and heat exchangers are the 

two principal components of the capital investment, which were responsible for 87 

% of the total equipment cost. On the other hand, utilities (thermal energy and 

cooling water) are the leading players in annual operating and maintenance costs 

and have 98% shares in both cases. The comparison of annual capital investment 

shows that choosing the configuration of case 1 over case 2 can result in a yearly 

potential cost reduction of approximately 0.5 M$.  Moreover, when normalized 

thermal energy cost is considered, it is found that case 1 is accountable for 13.6 

$/m3, whereas case 2 is responsible for 35.8 $/m3. These values represent the 

importance of choosing different heat source and sink options. Thus, case 1 is a 

preferable configuration while considering the unit water treatment cost. Table 5.7  

summarizes annual expenditures and unit clean condensate cost while considering 

the DH-MD system of capacity 100 m3/h. 

 

Table 5.7 Process economy of industrial-scale MD system for water recovery from 

flue gas condensate in cogeneration plants of capacity 100 m3/h. 

Economic Parameters Case 1 Case 2 

CAPEX, M$ 13.8 20.4 

Annual CAPEX, M$ 1.1 1.6 

Annual heat cost, M$ 10.9 28.6 

Annual OPMEX, M$ 11.1 30.3 

Normalized CAPEX, $/m3 1.4 2.05 

Normalized OPMEX, $/m3 13.8 37.8 

Clean condensate cost, $/m3 15.2 39.8 

Moreover, the effect of various techno-economic parameters on unit clean 

condensate cost was also determined. Figure 5.9 exhibits the sensitivity of unit 

clean condensate cost while changing different techno-economic parameters. 

Among all the examined technical factors, it was found that plant life and plant 

capacity were two parameters that have affected the clean condensate cost. For 

decreasing the plant life by half (10 years), the estimated clean condensate cost was 

increased by 6% for case 1 and 3.5% for case 2. In contrast, an increase in plant 

capacity up to 50% reduces the clean condensate cost only by 1 % for case 1 and 

4% for case 2. It is noteworthy that the clean condensate cost is very susceptible to 

thermal energy costs; therefore, when the thermal energy cost decreases by half, the 

clean condensate cost is reduced by almost 45% for both configurations. However, 

when the MD module' cost is reduced by half (3000 $/unit), the clean condensate 

cost can only be varied by a maximum of 3-4%. Considering the interest rate, when 

it becomes double, the clean condensate cost increases up to 2.5% for case 1 and 

1.1% for case 2. Furthermore, the clean condensate cost was merely affected by 
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variations of heat exchanger prices, membrane replacement frequency, membrane 

price and pretreatment extent. 

 
Figure 5.9 Sensitivity analysis of clean condensate cost for different techno-

economic parameters 

As mentioned above, plant capacity hardly changes the unit clean condensate cost. 

However, it can significantly affect the operation of the MD system in terms of its 

thermal power demand, as shown in Figure 5.10. Due to the practical limitation of 

the use of locally produced district heating, a boundary line is needed to define, i.e., 

only 10% of total locally produced district heating can be employed for operating 

the MD system for flue gas condensate treatment in CHP plants. This limit can 

determine the feasible plant capacity to reach the thermal power balance (linked to 

DH supply-MD demand) for both thermal integration options. For example, 

Hödgalen produces 2174 GWh of heat yearly; based on its 10%, the limit for MD 

plant capacity can be up to 150 m3/h while considering the configuration of case 1. 

In contrast, this value is reduced to almost 2.5 times when case 2 is considered.    

For Bristaverket, where total heat generation is 1253 GWh, case 1 seems practical 

for up to 80 m3/h; however, for case 2, the maximum MD capacity can only be 

around 35 m3/h.  
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Figure 5.10 Annual district heating energy consumption for flue gas condensate 

cleaning using the MD system 

It is noteworthy to mention that this study has considered a conservative approach 

when taking the district heating price (77 $/MWh, retail price); however, the actual 

DH production cost may vary from 5-15 $/MWh. In the latter condition, the flue 

gas condensate treatment cost in case 1 can be reduced up to 2.43 $/m3, with the 

normalized operational cost of ~0.8 $/m3 comparable to the cost for RO based 

treatment [223]. Furthermore, in waste-fired CHP plants, case 1 configuration 

would incur an added fuel (MSW) volume, which in turn leads to the economic 

benefit of MSW power plant and, at a larger scale, to environmental benefit. 

However, handling Cd accounts for an additional 0.5 $/m3 to 4 $/m3 for adsorption. 

This cost includes adsorbent, sludge treatment, and electricity costs [237].  

5.5 Concluding remarks 

This chapter presented the performance of membrane distillation (MD) technology 

for advanced flue gas condensate treatment in combined heat and power plants, 

with the Högdalenverket and Bristaverket facilities selected for experimental 

campaigns at the laboratory and pilot-scale. Considering the separation efficiencies 

and quality of permeate, the findings reveal that the MD based system is well suited 

for the waste-fired CHP facilities. The need for pretreatment (acid-neutralization) 

mainly depends on the ammonia content in MD feed. Compared to the performance 

of the existing RO based treatment system,  the MD treated permeate quality was 

improved, i.e., a higher number of elements showed concentrations under detection 

limits; lower heavy metals concentrations were observed; lower levels of 

Högdalen 

Brista 
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ammonium were obtained; and lower values of conductivity,  alkalinity and TDS 

were maintained. During the reconcentration study, more than 92% of the water 

was recovered, and removal efficiency remained high, except for cadmium and zinc 

in some tests. For the biofuel-fired CHP facility, the high-quality permeate can be 

achieved according to strict environmental regulations with the mixing of the 

permeates of raw and neutralized flue gas condensates. The issue of cadmium can 

be resolved using existing ion exchangers. The parametric study shows that the 

thermal specific heat demand of a single module of the Xzero pilot plant varies 

between 400-1000 kWh/m3, depending on MD feed and coolant temperatures. The 

technical analysis of the industrial-scale MD system of capacity 100 m3/h tells that 

the annual thermal energy consumption can be approximately 140 GWh, when 

district heating supply and return lines are used to operate the MD system as the 

heat source and sink, respectively. Process economy evaluation determines that the 

expected unit clean condensate cost can be as low as 2.5 $/m3 for the system, as 

mentioned above. 
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Chapter 6 Conclusion and future work 

In this thesis, the potential of waste heat driven membrane distillation systems has 

been explored in terms of their techno-economic feasibility, covering applications 

in two major water-intensive industries, nano-electronics facilities and cogeneration 

plants. The techno-economic evaluation of these systems embodied the principal 

research objective.  

In nano-electronics facilities, the main purpose was to remove pollutants from the 

effluent streams of photolithography and chemical mechanical planarization 

processes. The analysis of the photolithography wastewater has determined the 

presence of four key contaminants: tetramethylammonium hydroxide (TMAH), 

hydrogen peroxide, ammonium hydroxide and hydrogen fluoride. A sequence of 

catalytic reduction (to decompose hydrogen peroxide), acid neutralization (to avoid 

ammonia slip) and membrane distillation process (to separate non-volatiles) was 

used to remove the mentioned substances to acceptable limits except for fluoride, 

which can be efficiently handled using strong alkali resins. Since TMAH has a 

thermal degradation temperature above 65○C, the MD feed temperature should be 

prudently chosen. For the chemical mechanical planarization wastewater, the 

primary contaminants were nano-sized silica and alumina particles, and copper; 

however, the analysis determined that along with key pollutants, ammonium 

hydroxide was also present. The combination of acid neutralization and membrane 

distillation provided complete removal of all analyzed contaminants.  Thus, 

disposing of the MD treated wastewater into recipient water bodies is acceptable 

under EU Directive 91/271/EEC concerning urban wastewater treatment and can 

also be reused further in cooling towers, wet scrubbers and other facilities.   

In cogeneration plants, advanced cleaning of flue gas condensate for water recovery 

was investigated considering municipal solid waste and biofuel-fired boilers. The 

raw flue gas condensate was mainly an aqueous mixture of heavy metals, salts, 

acids and particulate solids. The investigation of the integrated acid neutralization-

membrane distillation process exhibited encouraging results in terms of the 

complete removal of the analyzed contaminants, except for cadmium in a few runs. 

The reconcentration study determined that the volume of tested flue gas condensate 

was reduced by 12.5 times, and more than 90% of clean water could be recovered 

for further reuse as boiler feed water. The proposed approach pointed out that it is 

technically expedient to partially offload the RO based cleaning processes with 

membrane distillation based processes. 
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The parametric study presented that product yield and specific thermal energy 

demand fluctuated with varying feed and coolant temperatures and flow rates. 

Product yield could be enhanced by increasing the driving forces, primarily feed 

temperature and feed to coolant temperature difference. In contrast, at elevated feed 

and coolant temperatures, a less energy-efficient process is observed. Compared 

with pilot plant trials, the laboratory prototype showed comparatively higher 

specific thermal energy demand due to the absence of an internal heat recovery 

system. The specific electrical energy demand was directly proportional to the flow 

rates and pressure drop across the MD modules. Moreover, the exergy analysis 

determined that more customized membrane materials, proper insulation and 

improved condensation plates design can optimize the performance of MD systems. 

For large-scale systems, the critical test is to satisfy the high thermal energy 

demand of the MD systems.  The waste heat released from the nano-electronics 

industries and district heating generated by the CHP plants were found adequate to 

perform the necessary operation for treating local effluent streams, i.e., wastewaters 

or flue gas condensate.  Different thermal integrations schemes for MD systems 

were compared and categorized based on their technical feasibility and origin of 

considered heat sources/sinks. These schemes could also improve sustainability and 

help reduce carbon dioxide emissions. Therefore, they may recognize twofold 

benefit systems in environmental perspectives.  

Finally, the detailed economic model was developed for new and retrofitted 

industrial-scale MD facilities.  For capital investment, MD modules were shown as 

key contributors, whereas, in the operating expenses, the thermal energy cost took 

the lead when no free heat is available. This indicates that any advancement in 

system design that focuses on improving the MD modules’ performance while 

minimizing the thermal energy demand will eventually magnify the economic 

superiority of such applications.  In supplement to financial gains, a zero liquid 

discharge scenario could also be realized with the MD technology. The final check 

was the unit water treatment cost. The estimate of unit water treatment cost showed 

that the proposed processes for specific applications are economically viable 

compared to current practices when the thermal energy cost is negligible.  

In summation, membrane distillation presents technical, environmental and 

economic advantages for the examined applications. These findings add to a 

growing body of literature on membrane distillation industrial applications. 

Moreover, this study provides a paradigm for related applications of membrane 

distillation in the future. Furthermore, installing such MD systems in the respective 
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industries would lead to lower freshwater use while reducing wastewater pollution 

and reusing the recovered water.  

6.1 Future work 

Though the studied methods proved promising, there may still be limitations on the 

resource side, i.e., availability of local waste heat sources (associated with 

managing heat recovery for handling the locally generated effluent). Therefore, for 

practical implementations of the proposed systems, the analysis should be extended 

to incorporate operational factors of the particular industry and their corresponding 

influence on available thermal energy and wastewater treatment.  Proper business 

models for these projects have not been presented in this work but would support 

further analysis. Investigation of dynamic aspects of proposed thermal integrations 

would be a reasonable extension of this study, which may provide a better 

understanding of system performance and how the proposed approaches can be 

optimized in techno-economic terms. Moreover, other thermal integration options 

should be studied, such as steam extraction from turbines to operate the MD system 

in CHP plants.  In nano-electronics industries, an integrated approach to treat 

combined (all in one) wastewater streams, while using the available waste-heat 

sources, needs to be further studied. More investigations would be required to 

examine the performance of a large-scale MD system installed in-field (for 

managing continuous input of wastewater).  Additionally, the improvement in 

existing MD units (including module structure, membrane material and 

condensation plate material) is required for operating the industrial-scale MD 

system more efficiently. Furthermore, the suggested post-treatments would need to 

be appropriately investigated in combination with analyzed methods. The 

repercussions of the fouling and concentrate disposal can be other concerning 

issues. Beyond this, a detailed life cycle assessment of the proposed systems should 

be performed. 
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Appendix 

Table A1 Uncertainty levels associated with different analysis 

Analysis Uncertainty Reference 

Turbidity 30% SS-EN ISO 7027-1:2016 

pH 0.2 SS-EN ISO 10523:2012 

Alkalinity 10% SS-EN ISO 9963-2:1996 

Conductivity 10% SS-EN 27888:1994 

Cl- 10% SS-EN ISO 10304-1:2009 

SO4
-2 15% StMeth 4500-SO4, E 1998 mod 

F- 25% St Meth 4500-F, E 1998 mod 

TOC  20% SS EN 1484:1997 

COD 20% ISO 15705:2002(E) 

NH3 15% SS-EN 11732:2005 

NH4-N 15% SS-EN 11732:2005 

NO3-N 20% SS 028133:1991 mod 

Na 15% SS-EN ISO 17294-2, edition 1 

K  15% SS-EN ISO 17294-2, edition 1  

Ca 15% SS-EN ISO 17294-2, edition 1  

Fe 25% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Mg 15% SS-EN ISO 17294-2, edition 1  

Mn 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Al 25% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

As 30% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Ba 25% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Pb 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Cd 25% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Co 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Cu 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Cr 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Hg 20% SS-EN ISO 17852:2008 

Mo 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Ni 25% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Tl 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Ti 20% SS-EN ISO 15587-2, edition  1/ SS-EN ISO 11885:2009  

V 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

Zn 20% EN ISO 17294-2:2016 / EN ISO 15587-2:2002 

TDS  unspecified EN 15216:2007 

Total hardness - Calculation (Ca + Mg) 

 






