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Abstract：Membrane-based energy technologies are presently gaining huge interest due to the 

fundamental engineering and potentially broad range of applications, with economic advantages 

over some of the competing technologies. Herein, we assess the potential deployability of the 

existing and emerging membrane-based energy technologies (MEnT) in Ethiopia. First, the status of 

the current energy technologies is provided along with the active energy and environmental policies 

to shape the necessary research strategies for technology planning and implementation. Ethiopia is 

a landlocked country, which limits the effective extraction of energy, for instance, from seawater 

using alternative, clean technologies such as reverse electrodialysis and pressure retarded osmosis. 

However, there exists an excess off-grid solar power (up to 5 MW) and wind which can be used to 

drive water electrolyzers for hydrogen production. Hydrogen is a versatile energy carrier that, for 

instance, can be used in fuel cells providing zero-emission solutions for transport and mobility. 

Although Ethiopia is not among the largest CO2 emitters, with more than 90% energy supply 

obtained from waste and biomass, the economic and industrial growth still calls for alternative CO2 

capture and use technologies, which are highlighted in this work. We believe that the present work 

provides i) the status and potential for the implementation of MEnT in Ethiopia ii) and basic 

guidance for researchers exploring new energy pathways toward sustainable development in 

developing countries.  

Keywords: Ion-exchange membranes; fuel cells; electrolyzers; salinity gradient power; CO2 capture 

and use 

 

1. Introduction 

Energy is one of the most important needs of human beings and plays a vital role in the 

socioeconomic development in general. The energy demand is increasing from time to time mainly 

due to economic growth, increasing population as well as increasing living standards. The 

international energy administration (EIA) projected that the world energy consumption would grow 
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by 50% between 2018 and 2050 [1]. Non-renewable energy sources (mainly fossil fuels—natural gas, 

coal and oil) make up more than 81% of the energy consumption, the most common form of energy 

being oil covers 31.6% [2]. The Ethiopian energy sources is mainly depending on biomass for 

household purposes. Its coverage is more than 90% of the total energy supply [2]. The remaining 

energy sources are provided by other modern sources. Fossil fuels have led a swift economic growth 

in industrialized countries. However, the use of fossil fuels increased the greenhouse gas emission in 

the earth’s atmosphere leading to global warming and changes in climate. Fossil fuels are not 

sustainable and not replenished at the speed they are currently produced and used. As a result, 

implementing new practices that use renewable energy sources and technologies has been tipped to 

replace fossil fuels.  

Membrane technologies for the production of energy have long been sought as vital and their 

importance also increased substantially for the production of clean water and energy. Several 

research outputs were reported regarding the membrane sector focusing on the production of energy 

including salinity gradient power [3,4], battery [5], fuel cells [6–8], hydrogen production [9–11] and 

CO2 capture and use [12]. Besides addressing the issues related to energy demands, membrane 

technologies generally offer several advantages in terms of flexibility, adaptability, compactness, 

light weightiness, and high productivity, making these processes a perfect fit with the process 

intensification strategy. However, there are several challenges still associated which need to be 

improved such as costs and affordability, which is achieved by advancing membrane-based 

technologies. Herein, we introduce and assess the prospects of the emerging membrane-based energy 

technologies, and their deployability for energy production in Ethiopia. After providing the state-of-

the-art development of selected membrane-based energy technologies, we discuss their recent 

developments in terms of capacity and applications in Ethiopia. Finally, a prospective research 

direction is given for successful implementation of these technologies which would provide guidance 

for the research community focused on renewable energy, as well as a benchmark to develop a more 

inclusive energy policy in Ethiopia.  

1.1. Overview of Currently Employed Energy Sources and Technologies in Ethiopia 

The current access to electricity in Ethiopia is 45%. Access to electricity in an urban area is 92%. 

However, in rural areas this coverage is reduced to 32.7% [13]. Due to the low development level in 

the country, the average electricity demand per capita is 52 kWh [14]. Hydropower provides almost 

90% of the electricity demand in the country (Figure 1). Solar, wind, geothermal, biomass and other 

non-renewable energy source contribute to the rest of the renewable energy supply. Diesel power 

plants contribute small portion (~ 2%). Energy from biomass, such as wood, crop waste and animal 

dung has been serving the majority of the population for household purposes [2]. 

 

Figure 1. The share of electricity production in Ethiopia. 
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Ethiopia is located in a relatively unique position for the production of renewable energy such 

as hydropower and wind energy. It has about 45 GW theoretical potential (Table 1) of hydropower 

capacity, but has only harnessed less than 10% of that potential to date [15]. In 2015, Ethiopia became 

the second largest power producer in Sub-Sahara Africa when Gilgel Gibe III dam project was 

inaugurated with a power producing potential of 1870 MW [15]. Currently, the country generates 

more than 4200 MW of energy mainly from hydropower and could reach up to 10, 000 MW when an 

ongoing projects are finalized [15]. In line with the average increase in the electrical demand of 

Ethiopia by 30% annually, several cities have been electrified in the last 14–15 years [16]. Table 1 

shows the potential of hydropower, solar, geothermal, wind, and biomass in the country. 

Table 1. Potential and exploited energy sources in Ethiopia [16,17]. 

Sources Unit Potential Exploited Exploited (%) 

Hydropower MW 45,000 3180 ~ 7 

Solar (day) kWh/m2 5.2 – < 1 

Wind (power speed) GW m/s 1350 > 7a 0.324 < 1 

Geothermal  MW 7000 7.3 < 1 

Wood  Million T 1120 560 50 

Agricultural waste Million T 15–20 ~ 6 30 

Natural gas Trillion m3 (2013) < 0.1 0 0 

Coal Million T > 300 – 0 

Oil Shale Million T 253 – 0 

Bio-gas Households 1–3 million 17 896 < 1 

a Potential wind GW energy > 7 m/s, a measure of usable wind energy. 

The current installed electricity-producing capacity consists of eight wind farms, one geothermal 

power plant, 13 hydropower plants, one biomass power plant and some diesel power plants (Table 

2). Additionally, it is evident from this table that Ethiopia is working on more renewable energy 

resources such as solar and wind which are going to be commissioned in a near future. Because of 

the emission of greenhouse gases and expensiveness, the use of diesel constitutes an enormous 

problem in the world [18]. However, the Ethiopian energy policy enhances the use of carbon-neutral 

technologies, i.e., renewable energy technologies.  

Table 2. Installed capacity of existing power plants in Ethiopia [15,19,20]. 

Power plants Capacity (MW) Operational since Type 

Aba Samuel  6.6 1932 Hydropower 

Koka 43.2 1960 Hydropower 

Tis Abay I  11.4 1964 Hydropower 

Awash II 32 1966 Hydropower 

Awash III 32 1971 Hydropower 

Fincha  134 1973/2003 Hydropower 

Melka Wakena 153 1998 Hydropower 

Alutto Langano 7.3 1999 Geothermal 

Tis Abay II 73 2001 Hydropower 

Gilgel Gibe I 184 2004 Hydropower 

Kaliti 14 2004 Diesel 

Dire Dawa 38 2004 Diesel 

Awash 7 kilo 35 2004 Diesel 
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Tekeze 300 2009 Hydropower 

Gilgel Gibe II 420 2010 Hydropower 

Beles 460 2010 Hydropower 

Adama I 51 2010 Wind 

Fincha Amerti Neshi 97 2011 Hydropower 

Ashegoda 120 2012 Wind 

Adama II 153 2015 Wind 

Gilgel Gibe III 1870 2015 Hydropower 

Ayisha 300 – Wind 

Debre Birhan 100 – Wind 

Asela 100 – Wind 

Mesebo Harena 42 – Wind 

Galema I 250 – Wind 

Metahara 100 – Solar  

Gad and Dicheto 250 – Solar  

Tigray  500 – Solar  

1.2. Advances in renewable energy technologies. 

There are several ongoing projects to increase the Ethiopia’s energy production. The country 

plans to generate 45,000 MW by the year 2065 from the four renewable energy sources, namely 

hydropower, geothermal, solar, and wind [15]. One example is the Grand Ethiopian Renaissance 

Dam (GERD) project. The dam is constructed on the Blue Nile River and will be the largest 

hydropower dam in Africa and the 10 th largest in the world. The project was started in April 2011 

with a running cost of 4.7 billion USD. On completion, it is expected to have a reservoir of 74 billion 

m3 of water and a power capacity of 6000 MW [21]. Therefore, the GERD project will provide cheap 

and clean electricity to the country and the neighboring countries. Another interesting project used 

for electricity production is the Reppie waste-to-energy plant. The principle is that rubbish is burned 

in a combustion reactor and the emitted heat is used to produce steam water that drives a turbine 

generator to generate electricity. It can generate electricity up to 50 MW [15].  

Ethiopia also has high solar power potential, but this is very little exploited to date. The off-grid 

solar electricity system is mainly dominant in the short term. However, grid-connected photovoltaic 

(PV) will be dominant in the long term. One instance is, the building of one of the largest African 

solar power facilities in Ethiopia [20], in a project planned to develop a 100 MW solar PV power plant 

near the town of Metahara, which is 200 km east of the capital Addis Ababa [20]. The project location 

covers 250 hectares of unused land next to the main railroad between Addis Ababa and Djibouti. In 

2019, the Ethiopian government and Saudi Arabia company Acwa Power signed an agreement to 

install a 250 MW solar power plant [19]. The power plant is installed in Gad and Dicheto in the Somali 

and Afar regions respectively. Very recently, Lotus Energy, an Australian company, signed an 

agreement in Ethiopia with the Tigray Rehabilitation Endowment Fund to install a 500 MW facility 

power plant in Tigray region [19]. The output of the power from this project will supply energy for 

30 years. The cost of the project is estimated to be USD 4.3 billion.  

Further to this, the Ethiopia energy sector holds great promise as a source of investment and 

generates hard currency from neighboring countries. The Ethio-Djibouti transmission line project 

with 283 km and 230 kV has been exporting 35 MW of electric power to Djibouti on a trial basis and 

is earning USD 1.3–1.5 million per month [15]. The country has also a transmission line with Sudan 

which is 230 kV and 296 km long and exporting 100 MW of hydropower. Recently, the Ethiopian and 

the Tanzanian governments signed an agreement for the selling of 200 MW of power annually [15]. 

The country was also selling 10 MW electric power to Kenya. Ethiopia could become an energy 

superpower in East Africa that can generate additional revenues in terms of hard currency. The 
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government of Ethiopia aims to earn up to 600 million USD/yr from power selling to Sudan, Djibouti, 

Kenya, and Tanzania [21].  

1.3. Energy Policy and Strategies in Ethiopia 

The aim of the energy policy of Ethiopia is to enhance the reliability and affordability of energy 

supplies [22]. It also aims to ensure the rational and sustainable use of energy especially from 

renewable sources. Energy conservation and energy saving measures in all areas is the other energy 

policy. The policy also deliberates community participation, with an emphasis on women, and 

encourages legal and institutional frameworks to deal with energy issues [22].  

The current Ethiopian electrification system comprises two programs [15]. The Rural 

Electrification Fund (REF): this is an off-grid program that primarily emphasizes renewable energy 

technologies through the private sector and electricity service cooperatives. The Universal Electricity 

Access Program (UEAP): this plan is aimed to deliver electricity for the country-side. The Eastern 

Africa Power Pool (EAPP) is a regional organization founded in 2005 by its member states including 

Ethiopia. The aim is to serve the member countries as an interconnector of electricity transmission. 

The Ministry of Water, Irrigation and Energy (MoWIE) is the federal institute responsible for 

developing energy policy programs and strategies in Ethiopia. The Ethiopian Electric Utility (EEU), 

the Ethiopian Electric Power (EEP) and the Ethiopian Energy Authority (EEA) work under the 

MoWIE, and are responsible for the different energy streams [15]. 

The national energy policy of Ethiopia aims to generate more power exclusively from renewable 

energy resources. By 2030, the current 97.6% renewable energy resources will reach 99.3% [22]. By 

2025, Ethiopia aims to access universal electricity following the National Electrification Program 

(NEP) [21]. By that time, the on-grid access and the off-grid access rate would be 65% and 35%, 

respectively. However, there are limitations in the actual energy supply from these hydropower 

plants due to uncertainty in seasonal and rainfall patterns and climate change. The policy encourages 

energy conservation in industry, transport, and major-energy consuming sectors to secure 

economically and environmentally sustainable power. To provide the ever-increasing demand for 

electricity, and to deal with the uncertainty in climate change, complementary energy storage and 

conversion technologies must be established by integrating them with renewable energy resources 

to alleviate the risk of overreliance on and variability of hydropower. Potential complementary 

energy conversion and storage technologies include different membrane technologies such as fuel 

cell, microbial fuel cell (MFC), salinity gradient power (SGP), hydrogen technologies, and batteries.  

2. Fuel Cell and Hydrogen Technologies 

Considering the massive natural resources available for energy production in Ethiopia, for 

example, natural water bodies, geothermal and natural gas etc., (Table 1) there is a high potential for 

implementation of various energy conversion and storage technologies. Moreover, the availability of 

sunlight throughout the year, wind, and other potential energy sources call for suitable membrane 

technologies to exploit these resources. 

2.1. Fuel Cells 

A fuel cell allows for the conversion of the chemical energy from a fuel into electricity. Electricity 

is continuously produced so long as the fuel and oxygen are supplied [23]. The basics of fuel cell 

technology were first introduced by Swiss scientist Christian Friedrich Schönbein in 1838. The very 

first fuel cell was practically developed in 1839 by Sir William Robert Grove who accidentally 

reversed the electrolysis of water. Later on, the first pilot-scale 5 kW fuel cell was demonstrated by 

Francis Bacon at Cambridge University in 1950 [23]. The first developments were of alkaline type fuel 

cells which were implemented in NASA as compact power sources for space shuttle applications 

which later on extended to applications involving stationary powers and transportations.  

In a fuel cell, air is fed to the cathodic electrode and hydrogen is fed to the anodic electrode. A 

general schematic presentation of proton exchange membrane fuel cell is shown in Figure 2. On the 
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anode side, hydrogen diffuses to the anode where it dissociates into positive ions and electrons. 

Anode and cathode chambers are separated by a cation exchange membrane (CEM) soaked in a liquid 

electrolyte or separated by solid electrolytes, which permits the flow of positive ions from anode to 

cathode side while insulating electrons. The electrons are then forced to travel through an external 

circuit as an electric current. On the cathode side, oxygen molecules react with the electrons and 

positive ions to form water. The chemical reactions involved in the anode, cathode and overall 

reactions are: 

Anodic side: H2 → 2H+ + 2e− 

Cathode side: 1/2O2 + 2H+ + 2e− → H2O 

Overall: H2 + 1/2O2 → H2O 

 

Figure 2. Schematic representation of fuel cell using hydrogen as a fuel [24]. 

Fuel cells can be of different types and are generally classified based on the electrolyte as this 

material determines the optimal operating temperature and the fuel used to generate electricity. This 

also allows for the determination of suitable applications, be it to transport, stationary power, and 

portable power supply. Table 3 presents a comparison of the different types of fuel cells. For instance, 

the low operating temperature falls in the range of (50–250 oC) for polymer electrolyte membrane fuel 

cell (PEMFC), alkaline fuel cell (AFC) and phospheric acid fuel cell (PAFC), and high operating 

temperature in the range of (650–1000 oC) such as the molten carbonate fuel cell (MCFC) and solid 

oxide fuel cell (SOFC). 

PEMFC is well-commercialized for mobile applications although not efficient as SOFC, which is 

not yet on the market. However, SOFC is limited by a short life cycle, which makes it unsuitable for 

a system with long idle periods such as diesel locomotives than railroads. MCFC systems are 

commercialized in sizes of up to MW power ratings but these systems are limited by lower volumetric 

power density compared to PEMFC systems. Current versions of MCFC are too large to be packed 

in the locomotive but well suited for applications that need continuous base-load power such as 

hospitals and hotels [25]. PAFC is well established commercially with a noted advantage of stable, 

long term operation reaching up to 40,000 h. However, PAFC exhibits lower power density compared 

to PEMFC due to the interaction of liquid electrolyte (phosphoric acid) with the Pt catalysts. PAFC is 

suitable for stationary power generators with up 100–400 kW output capacity and also in large 

vehicles such as buses and trucks. 

Despite the significant research advances in fuel cell technologies, there are still challenges to be 

addressed for full market penetration. Cost and efficiency are some of the important issues that need 

to be considered in developing next-generation fuel cells. Availability of Platinum-group metal 

(PGM)-free electrocatalysts is of high importance for reducing the cost of PEMFC. Currently, 

established electrocatalysts based on M-N-C (M: Fe, Co, or Mn) exhibit a promising performance but 
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their stability under acidic conditions is an issue for the practical applications. In AFC, although 

PGM-free electrocatalysts can be used, the activity is not satisfactory which needs to be improved. 

Moreover, improving the durability of the electrocatalysts in hash alkaline media is of paramount 

importance. In both PEMFC and AFC, low-cost, and durable membranes with reduced gas cross over 

are highly important [7,8]
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Table 3. Comparison of the different types of fuel cells. 

Type of 

fuel cell 

(FC) 

Electrolyte 
Operating 

temperature (℃) 

Power 

output 

Electrical 

efficiency (%) 
Applications  Advantages Disadvantages 

Polymer 

electrolyte 

membrane 

(PEMFC)*  

Solid organic 

polymer-Perfluoro 

sulfonic acid 

50–100 
< 1 kW–

250 kW 

53–58 

(transportation) 

25–35 (stationary) 

 Backup power 

 Portable power 

 Small distributed 

generation 

 Transportation 

 Reduced 

corrosion and 

electrolyte 

management 

problems 

 Low 

temperature 

 Quick start-up 

 Expensive catalyst 

 High sensitivity to 

fuel impurities 

 Waste heat 

temperature for 

combined heat and 

power (CHP) 

Alkaline 

fuel cell 

(AFC) 

Aqueous solution 

of potassium 

hydroxide soaked 

in matrix 

90–100 
10 kW–

100 kW 
60 

 Military 

 Space 

 Faster cathode 

reaction in alkaline 

electrolyte 

 Expensive 

removal of CO2 from 

fuel and air steams 

required (CO2 degrades 

the electrolytes) 

Phosphoric 

acid fuel 

cell 

(PAFC) 

Liquid phosphoric 

acid soaked in a 

matrix 

150–200 

50 kW–1 

MW 

(250 kW 

typical 

module) 

> 40  Distributed grid 

 High overall 

efficiency with CHP 

 High tolerance 

to impurities 

 Requires 

expensive Pt catalysts 

 Low current and 

power 

 Large size/weight 

Molten 

carbonate 

fuel cell 

(MCFC) 

Liquid solution of 

Li2 CO3, Na2 CO3 

and/or K2 CO3 

150–200 

< 1 kW–

1 MW 

(250 kW 

typical 

module) 

45–47 

 Electric utility 

 Low distributed 

generation 

 High efficiency 

 Fuel flexibility 

 Use of different 

catalysts 

 High temperature 

speeds corrosion and 

breakdown of cell 

components 
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 Suitable for 

CHP 

 Complex 

electrolyte management 

 Slow start-up 

Solid oxide 

fuel cell 

(SOFC) 

Yttria stabilized 

zirconia 
600–700 

< 1 kW–

3 MW 
35–40 

 Auxiliary power 

 Electric utility 

 Large distributed 

generation 

 High efficiency 

 Fuel flexibility 

 Utility of 

different catalysts 

 Low electrolyte 

management 

problems 

 Suitable for 

CHP 

 Hybrid/GT 

cycle 

 High temperature 

enhances corrosion and 

breakdown of cell 

components 

 Slow start-up 

 Brittleness of 

ceramic electrolytes 

with thermal cycling 

*Includes direct methanol FC (DMFC) typically used for small portable power applications up to 100 W and operating at 60–90 ℃.



Sustainability 2020, 12, 8792 10 of 34 

2.2. Microbial Fuel Cell  

The microbial fuel cell (MFC) is an emerging bioelectrochemical system (BES) that uses 

microorganisms (bacteria) as biocatalysts to convert chemical energy in the chemical bond of organic 

and inorganic substrates directly into bioelectricity [26]. The concept of using MFC for electricity 

production started at the turn of the 19th century by Potter [27]. However, MFC has gained attention 

from the scientific community in the last 18 years for the possibility of converting organic resources 

into electricity. The organic and inorganic substrates used for MFC as the main feed to generate 

bioelectricity are low-grade biomasses such as lignocellulose, artificial, and real wastewater which is 

generated every day as a waste [28]. This makes MFC advantageous in terms of environmental 

sustainability and alternative green electricity generation despite major technical challenges that 

hinder its practical development [29].  

MFC is a bioreactor and mostly comprises anodic and cathodic chambers, which is separated by 

proton exchange membrane (PEM) (Figure 3). In the anodic chamber, the microorganisms grow and 

create a biofilm on the solid surface of anode which then degrades (oxidizes) a substrate resulting in 

the production of protons and electrons. The produced electrons are transferred from the biofilm to 

the anode electrode (negative terminal) and then flow to cathode (positive terminal) via an external 

circuit containing a resistor operated under external load. Subsequently, the electrons are used to 

reduce electron acceptors in the cathodic chamber. The protons also migrate from anodic to cathodic 

chamber in the electrolyte through PEM and react with the reduced form of electron acceptors [30,31]. 

In MFC, anode is an electrode that is used for flowing electric current into a polarized electrical 

device, whereas cathode is an electrode through which electric current flows out of polarized electric 

device. Figure 3a illustrates the double chamber MFC in which the anodic chamber is inoculated with 

bacteria and the two electrodes are separated by PEM while connected by an external circuit.  

 

Figure 3. a) A bacterium in the anode chamber transfers electrons produced from an electron donor 

(glucose) to the anode electrode [26], b) electron transfer mechanisms in MFC [32]. 

Electron transfer mechanisms in MFC:  the main mechanisms of electron transfer in MFC are 

direct electron transfer (DET) and mediated electron transfer (MET) [33,34]. In DET, electrons are 

transferred during direct connection of the membrane or membrane organelle of microorganisms 

with the solid surface of anode electrode without addition of any redox species that assist electron 

transfer process (Figure 3b). The electron transfer process between the microorganisms and solid 

electrode surface can be facilitated by c-type cytochromes and conductive wire or pili which links the 

cell walls of microorganisms to a solid electrode surface[35].  

In MET, direct connection between the microorganisms in the biofilm and solid electrode surface 

is not necessary (Figure 3b). Electrons are transferred indirectly by non-electrogenic microorganisms 

with the help of redox-active chemical species (electron mediators). Some of the electron mediators 

excrete by non-electrogenic microorganisms include phenazine, 2–amino–3 carboxy–1, 4–

naphthoquinone, 1,2–dihydroxynaphthalene and 2,6–di-tertbutyl-p-benzoquinone [30,36–38] 

Wastewater treatment and energy generation using MFC: Wastewater is considered to be one 

of the sources of water, energy and value-added chemicals and nutrients for plant fertilizers. 

Therefore, direct conversion of wastewater into clean electricity, value-added products and minimize 



Sustainability 2020, 12, 8792 11 of 34 

or eliminate the excess sludge by using MFC is of high importance and considered to be a better 

option compared with conventional wastewater treatment techniques [39,40]. The principles are that 

during wastewater treatment, electrochemical reactions are taking place inside MFC. These reactions 

contain Gibbs free energy (negative free reaction energy) and release energy (electric or electron 

release) spontaneously. The standard cell voltage or electromotive force (emf), �E0 , can be calculated 

from the standard free energy as follow (Equation 1) [39]: 

   ��� =  −[� ��∆��,��������
� − � ��∆��,���������

� ]/�� =  −
∆�

��
  (1) 

where  ∆�� is the negative free energies of formation of the respective products and reactants 

(J/mol), n (moles) of stoichiometry factors of the redox reaction, and F- Faraday’s constant (96,485 

C/mol).  

The maximum useful work that can be obtained from a reaction of thermodynamic systems can 

be measured by Gibbs free energy of reaction. If the system of MFC is generating electricity from 

wastewater, the theoretical cell voltage of MFC (or emf) can be calculated from the difference between 

anode and cathode potentials as follow (Equation 2): 

∆�����
� =  ∆��������

� − ∆������
�  (2) 

The cell voltage of MFC will be positive if the Gibbs free energy is negative, indicating that 

electrical energy generation from the reaction in MFC is spontaneous. For instance, if the wastewater 

with a high content of acetate is used as the organic substrate in MFC, and assume that the 

concentration of acetate ([CH3COO−] = [HCO3−] = 10 mM, pH = 7 at 298 K. pO2 = 0.2 bar), with oxygen 

reduction, the combined redox reaction will be as follow [41]:  

Anode:  CH3COO− + 4H2O                    2HCO3− + 9H+ 8e− (E� =  −0.289V vs. SHE) 

Cathode: 2O2 + 8H+ + 8e−                   4H2O (�� =  0.805� ��. ���) 

Overall:  CH3COO− + 2O2                   2HCO3− + H+ (∆G = −
���.���

���
; emf = 1.094V) 

Different sources of real wastewater such as domestic or municipal wastewater [42,43], 

agricultural wastewater [44], and industrial wastewater [44–46] can be treated and generate electricity 

using MFC (Figure 4). At the same time, value-added chemicals can be produced in the cathode 

chamber of MFC or toxic pollutants can be removed from the environment [47]. 

 

Figure 4. MFC for different sources of wastewater treatment: anode chamber can be fed with various 

wastewater sources while the cathode chamber can be used to produce useful chemicals or remove 

environmental pollutants [39]. 



Sustainability 2020, 12, 8792 12 of 34 

Therefore, in Ethiopia, the potential sites to implement MFC technology include the municipal 

wastewater treatment plant, brewery wastewater treatment plant and industrial parks where 

enormous amounts of sludge and wastewater are generated every day from zero liquid discharge 

treatment plant and municipality treatment plants [48,49]. 

The main challenge of MFC technology is that the power output from an individual MFC is 

insufficient to drive practical applications. Therefore, one of the strategies to boost the power density 

is to design a series configuration of individual MFC into a stack. For instance, a large-scale MFC 

with 72 L volume stack made up of 5 membrane-based MFC was designed and 51 W/m3 power 

density was generated [50]. Another large-scale MFC can also be designed up to 1000 L size, which 

consists of 50 modules and generated 60 W/m3 while achieving up to 90% COD removal when 

operated with real municipal wastewater for a year [6].  

3. Advantages of MFC 

MFC has several advantages over other available technologies (Figure 5). MFC is a versatile 

technology and can be used for electric generation, wastewater treatment, recovery of pure materials, 

removal of organic matters, water softening, bioremediations, dye decolorization and biosensor 

applications [39,47,51,52].  

 

Figure 5. Energy production from wastewater using MFC through different options [39]. 

 

It generates clean electricity direct from organic matter in wastewater without any pre-treatment 

of the wastewater such as separation, and purification. It can generate about 1.43kWh/m3 from a 

primary sludge or 1.8 kWh/m3 from treated effluent wastewater [53]. MFC also saves energy by 

treating wastewater anaerobically and avoid the energy used for aeration in conventional wastewater 

treatment techniques. It consumes only 0.024 kW or 0.07 kWh/kg-COD for feeding and mixing in the 

reactor compared with the energy consumed by the activated sludge-based aerobic treatment method 

which consumes about 0.3kW or 0.6 kWh/kg-COD [54,55]. However, for the production of methane 

and hydrogen using MFC in an anaerobic digestion process, the wastewater needs to be separated 

and purified before use. MFC is environmentally friendly as it can be operated under mild conditions 

at room temperature.  

Moreover, MFC produces much less sludge during wastewater treatment (0.06–0.16 

gVSS/gCOD) compared to the sludge produced by active aeration (0.35–0.45 gVSS/gCOD) [47]. This 

indicates that unlike other conventional wastewater treatment technologies, sludge management 

during wastewater treatment using MFC is not a major concern. 
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3.1. Hydrogen Production Technologies 

Steam reforming of methane (hydrocarbons) has been commonly employed for the production 

of H2 gas. However, the CO2 emission is substantial. Hydrogen can be produced by electrolyzing 

water at low temperature (LT) and high temperatures (HT). The LT electrolyzer works at a 

temperature (< 100 ℃) and the HT electrolyzer works between (700–1000 ℃) [56,57]. Alkaline 

electrolysis (AE) and PEM electrolysis used LT electrolysis system. LT electrolyzer has several 

advantages over natural gas reforming/coal gasification such as on-site, on-demand generation, high-

quality hydrogen, and unit modularity. The HT electrolyzer is known by the name solid oxide 

electrolysis cell (SOEC).  

3.1.1. PEM Electrolyzers 

The PEM, is a young technology and was developed by General Electric [58]. In certain areas of 

application, this technology already penetrated the market [56]. PEM has used an acidic solid 

polymer as an electrolyte instead of a liquid electrolyte and acquired its name as polymer electrolyte 

membrane PEM. The membrane is used both as an electrolyte (conducts H+ from anode to cathode) 

and to prevent mixing of the O2 and H2 gases. The half-cell reaction and the schematic of PEM are 

explained in Figure 6. The PEM has several advantages over the AE. These are: faster reaction kinetic 

for hydrogen production, safety related to the non-appearance of KOH as an electrolyte, high purity 

of H2 gas, little cross over, lower energy consumption, easy handling and maintenance, high-pressure 

operation in the cathode side and whereas anode can be operated at ambient temperature [56].  

Perfluorosulfonic acid polymers (PFSA) membranes such as Nafion®, Flemion®, and 

Fumapem® have been used in PEM. The PFSA membranes have high oxidative stability, good 

strength, good proton conductivity. The lifetime of the membrane is about 10, 000 h and proton 

conductivity as high as 0.1 S/cm [58]. The membrane thickness is about 100 µm to 200 µm. The typical 

electrode material for the cathode and the anode are Pt and IrO2 respectively. However, other 

materials such as Pt-Pd alloys at the cathode and RuO2 in the anode can also be used [56]. The use of 

these scarce metals especially Ir will significantly limit the production of hydrogen with PEM 

electrolyzer. To get higher current densities by PEM, easily available catalyst, and corrosion-resistant 

materials such as bi-polar plates containing high-quality titanium is needed. With regard to these 

advantages, an anion exchange membrane (AEM) that combines the advantages of both PEM and AE  

has been devised [56].  

 

Figure 6. a) Water electrolysis cells, proton exchange membrane and b) alkaline electrolysis. 

3.1.2. Alkaline Electrolyzers 

Alkaline electrolysis (AE) is the most widely used electrolytic technology for H2 production. This 

is the oldest technology; on the other hand, it is one of the suitable technologies for hydrogen 

production from water. AE uses 20–30 % KOH by mass as an electrolyte in two electrodes (cathode 

and anode) system. The cathode and the anode are mostly Ni and Ni alloys [56]. The gaseous 

products (O2 and H2) are separated by as thin diaphragm. Water and the hydroxide ions (OH−) are 

passed through the diaphragm. The schematic of the alkaline electrolysis is given in Figure 6b. One 

a) b) 
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of the main limitations of AE is, the KOH is corrosive and it should be handled with care. 

Additionally, the mobilities of the OH− is moderate and this results in limited current densities. 

Problems related to the incapability of the diaphragm to prevent the crossover of the hydrogen and 

the oxygen gases raises safety issue and reduces the efficiency of the process. Moreover, the relatively 

high energy consumption, installation and maintenance costs, safety and durability are the other 

limitations [56,58].  

3.1.3. High-Temperature Water Electrolyzers 

The high-temperature water electrolyzer is principally the solid oxide fuel cell (SOFC) run in 

‘reverse’ mode. Surplus electricity generated by e.g., wind, geothermal and solar can be used for the 

production of hydrogen. The SOEC can also electrolyze CO2 to CO. When the CO2 and H2O are 

electrolyzed, a mixture of hydrogen and CO are produced. This mixture is known as syngas. It is the 

starting material to synthesize several hydrocarbons in the chemical industry. The thermodynamics 

of the process makes the high-temperature water electrolyzers favorable. Compared to the rise in the 

thermal demand, the electricity demand of the high-temperature water electrolyzer decreases 

considerably [58,59].  

3.1.4. Hydrogen Production from Renewable Power Sources 

Hydrogen is a prominent and important energy carrier and storage for the future. When 

hydrogen is produced from water and combined with renewable energy sources (solar, wind and 

ocean), it has a near-zero greenhouse gas emission. Hydrogen could be used for load leveling and 

peak load shaving for other renewable energy sources [9,57,60]. Based on the end user applications, 

hydrogen can be stored and converted to power and heat in a fuel cell and combustion engine as per 

the load demand.  

The LT electrolyzer can be integrated with intermittent renewable energy sources such as solar 

PV, wind turbine, and non-intermittent ones such as reverse electro dialysis (RED) and PRO, as well 

as other renewable energy sources [9,10,57]. This renewable energy input for LT electrolyzer can 

increase the efficiency of the system by up to 75–80% [9,10,57]. Figure 7 shows renewable hydrogen 

production pathways and applications. In this system, hydrogen can be stored and operate PEMFC 

to provide energy during high load demand. The system can have a diesel generator and hot water 

storage tank. The thermal energy in HT can reduce the high electricity input required in the case of 

the LT electrolyzer. 

 

Figure 7. The concept of hydrogen production from renewable energy power sources for distributed 

power generation [57]. 
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In addition to photovoltaic array and wind turbine, it is also possible to use other renewable 

energy power sources for the electrolyzer. The concept of integrating reverse electro dialysis (RED) 

driven water electrolysis for hydrogen production was demonstrated recently by Tufa et al. [9,10]. 

Provided that the potential of wind and geothermal energy in Ethiopia, hydrogen can be produced 

from water by integrating it with these renewable power sources.  

3.1.5. Hydrogen from Biomass 

In addition to water electrolyzer, hydrogen can be produced from biomass. Biomass is one of 

the most important energy sources and estimating to contribute in the range of 9–15% on a global 

scale [11,61]. This biomass energy is the pillar for the total energy consumption especially in sub-

Saharan African countries including Ethiopia [62]. In 2010, biomass energy has accounted for 91% of 

the total energy consumption in Ethiopia [17]. However, the biomass is used in direct burning of 

open fire and leading to indoor air pollution that pays for the suffering of millions of people [61].  

The four biomass energy resources are woody biomass (logging residuals, sawmill wastes), 

agricultural waste (crop straw, animal wastes, etc.), energy crops (commercial crops, grass, etc.) and 

municipal and industrial waste (waste paper, sewage sludge, etc.) [11,63]. The rural community of 

Ethiopia is highly dependent on woody biomass and agricultural residues for its energy consumption 

[61]. Biomass is tipped as one of the potential raw materials for hydrogen production as clean and 

environmentally friendly energy carrier. Currently, most of the hydrogen produced industrially is 

prepared from fossil fuels (i.e., methane) via steam reforming and water gas shift reaction as shown 

below [64].  

CH4    +   H2O          CO   + 3H2 (steam reforming) 

CO     +   H2O            CO2 + H2 (water gas shift reaction) 

Thermochemical and biological routes are the two processes used to produce hydrogen from 

biomass. Gasification, pyrolysis, combustion and liquefaction processes are included under the 

thermochemical route and dark fermentation, photo-fermentation, biogas (methane) production, bio-

photolysis and biological water gas shift reactions are under biological route [11,60]. 

Biological hydrogen production has a stringent requirement in terms of feedstocks and reaction 

conditions and it is also time-consuming. On the other hand, the two thermochemical routes, namely 

pyrolysis and gasification (Figure 8) are practical for hydrogen production since they are less selective 

in the feedstock, have faster reaction kinetics, fairly lower cost and efficiency (> 50%) [11].  

Following the reaction explained in Figure 8, the hydrogen gas needs to be separated from the 

rest of the gases to ensure high-quality hydrogen product, recycle the unreacted gases and to capture 

the greenhouse gases to avoid their emission into the atmosphere [11,65]. Membrane separation and 

purification for hydrogen are one of the most important applications. The advantage of membrane 

filtration technologies overpressure swing adsorption (PSA) is the simplicity of operation, small 

footprint, reduced power consumption and continuous operation. The mechanism of the separation 

lies in hydrogen selectively passing through the membrane driven by the partial pressure of the 

hydrogen in the feed side. The selectivity of hydrogen also depends on the membrane type/material. 

Polymeric membranes, dense metal membranes and microporous (nano-porous) membranes have 

been employed for hydrogen production [11,65]. Each of the above membranes have their own 

distinctive features (Table 4). Extensive information on membranes for hydrogen serration is found 

in [11]. 
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Figure 8. Hydrogen production from biomass by pyrolysis and gasification and subsequent 

membrane filtration. 

Table 4. The main characteristics of hydrogen separation membranes [11]. 

Parameters * Polymeric Microporous Dense * 

Typical 

composition 

Polyimide; Cellulose 

acetate 

Silica; Zeolites; Metal-organic 

frameworks 

Palladium; 

Palladium alloys 

Separation 

mechanism 
Solution-diffusion Molecular-sieving Solution-diffusion 

Driving force* 
Partial pressure 

difference 
Partial pressure difference 

Partial pressure 

difference 

Operation 

temperature 
≤110 °C ≤1000 °C 150–700 °C 

Relative 

permeability 
Low-moderate Moderate- high Low 

Typical selectivity Moderate Low-moderate Very- high 

Relative cost Low Low-moderate Moderate- high 

*assumed ideal gas conditions. 

Ethiopia has a considerable amount of biomass residues and its potential to renewable energy 

[61,63]. These biomass residues are not being used and collected properly but can be used to produce 

renewable energy such as hydrogen gas without affecting the socio-economic aspect and 

compromising food security. The share of the various biomass resources as a fuel covers 69% wood, 

13% residue (vegetable, cereals, coffee, grass and forest), 14% cattle dung and 4% charcoal in 2013 

[61]. Agricultural residues are vital sources of biomass for fuel; however, its use rates account for only 

30% [66]. Therefore, hydrogen gas production can increase the use rate of agricultural residue in the 

country. Up to 92% of Ethiopian households use biomass as energy sources for cooking and heating 

[66]. For instance, according to a report in 2018, wood for charcoal production and charcoal 

production in Ethiopia reached 109,389,000 m3 and 4,317,000 Mt respectively. For this reason, the 

dependence of biomass for cooking in the country leads to an increase in the emission of 1.4 million 

tons of CO2 between 2005 to 2010 [17]. In terms of per capita, this resulted in 0.06 tons of CO2 in 2005, 

0.075 tons in 2010, and 0.19 tons in 2014.  

Considering the increase in demand for fuel in the future and the potential of biomass for 

renewable energy production, hydrogen can be a useful and fine energy source in the country. The 

energy policy is mainly centralized in increasing the renewable energy program exclusively from 

hydropower. However, hydrogen is already proposed to substitute petroleum-based fuel and 

countries are backing hydrogen-powered vehicles and funding for its smooth production from 

biomass [11]. Therefore, we recommend that the Ethiopian government also follows a similar suite 

to increase the renewable energy reserve from biomass via hydrogen gas production.  
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4. Salinity Gradient Energy Technologies  

Salinity gradient energy, also called “blue energy”, is a clean, renewable energy generated by 

mixing two salt solutions of different concentrations, for instance, seawater and river water. Reverse 

Electrodialysis (RED) and Pressure Retarded Osmosis (PRO) are the two most advanced technologies 

for salinity gradient power (SGP) generations. 

4.1. Reverse Electrodialysis (RED)  

RED is one of the most promising membrane-based technologies for generation of electricity by 

mixing solutions of different salinity. The historical development of electrodialysis (ED) returns to 

the early days of 1954 when Pattle performed the first experiments on small-scale RED [67]. However, 

the topic was not given much attention at the time mainly due to the limited membrane availability. 

However, with the rise in global climate change issues as well as the expansion of membrane markets, 

research on RED started gaining much more attention with time. Despite several studies on RED so 

far, significant research findings were reported from the early periods of the 2000s. For instance, in 

2011, Vermass et al. reported a maximum power density of 2.2 W/m2 (the maximum so far at ambient 

temperature) for RED equipped with a special ion-exchange membranes (Fumatech, Germany) 

prepared on demand, and operated with seawater (0.5 M NaCl) and river water (0.017 M NaCl) 

solutions [68].  

Figure 9 illustrates the scheme of a RED system for salinity gradient power (SGP) generation. In 

RED, cation exchange membranes (CEMs) and anion exchange membranes (AEMs) are alternately 

aligned in a way to create two compartments: a high concentration compartment (HCC) and low 

concentration compartment (LCC). When the compartments are filled with the respective salt 

solutions of high concentration and low concentration, a salinity gradient is created that initiates the 

selective transport of ions through the ion-exchange membranes. Electrical energy is generated by 

redox reactions occurring over the electrodes [3,67]. Theoretically, the total electromotive force, or 

the open-circuit voltage (OCV), generated in RED is expressed by the Nernst equation: 

CEM c c c cAEM

cn d d an d d

α γ c γ cαNRT
OCV ln + ln

F z γ c z γ c

 
  

 
 (3) 

where N is the number of membranes (cell) pairs, α is the permselectivity of the ion-exchange 

membrane, z is the valence of ions, γ is the activity coefficient of ions, c is the activity of ions in 

solutions, subscripts ‘cn’ and ‘an’ stand for ‘anion’ and ‘cation’, respectively. OCV is mainly 

dependent on the valence of the transported ions, the permselectivity membranes and the 

concentration gradient. By considering 100% permselectivity of the membrane, the theoretical OCV 

obtained by mixing seawater (0.5 M NaCl)/river water (0.017 M NaCl) is about 0.16 V whereas the 

theoretical OCV for brine (5 M NaCl)/seawater (0.5 M NaCl) is about 0.12 V [4]. 
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Figure 9. Schematic illustration of RED stack. Three alternative ion-exchange membrane (IEM) 

contribute a single “cell”; however, a large number of cells are required to produce large-scale power  

[3]. 

The overall process performance and efficiency in RED are determined by IEMs. The key 

membrane requirements for RED are low resistance (< 1 Ω cm2) membrane with high permselectivity 

(> 95%) [3,69]. Unlike fuel cell and electrolyzers, the membrane in RED is in contact with neutral pH 

so the stability or mechanical properties of membranes are not a big issue. The global RED system is 

supposed to be operated by NaCl salt solutions, with the majority of the ions transported across the 

membranes being Na+ and Cl−. However, under natural conditions, other ions such as Mg2+ and SO42− 

could be present and proved to have a negative impact on the performance of RED requiring special 

membranes [69]. The presence of divalent ions in the feed solutions have been challenging to optimize 

the performance of RED, in particular, the presence of Mg2+, which was observed to reduce the power 

density of by more than 50% with respect to RED operations using divalent ion-free solutions [69,70]. 

The efficiency of RED under realistic natural conditions is enhanced by using monovalent selective 

membranes that are able to reduce the transport of divalent ions. In addition to natural (NaCl-based) 

SGP sources, other types of SGP sources can also be harnessed. For example, artificial salinity 

gradient power sources created by using thermolytic salt solutions such as NH4HCO3 allows for clean 

energy generation in RED with a special advantage being that the solutions at the outlet can be 

regenerated by using low-grade waste heat sources available from industries for free [71,72]. Thus, 

such design allows for the conversion of low-grade waste heat into electricity. 

In stand-alone applications, RED can generate electricity as long as salt and freshwater are 

present irrespective of the weather conditions unlike wind and solar energies. The generated 

electricity can be directly connected to the grid or stored by other technologies. However, mass 

production of clean energy by RED requires an industrial scale-up which has still not yet been 

achieved. Nevertheless, several efforts have been made to advance RED toward large-scale 

implementation. The most notable one was a pilot-scale RED system demonstrated under the scheme 

of an EU-FP7 REAPower project [73]. The stack equipped with 125 cell pairs and IEM with an active 

area of 50 m2 was installed in the south of Italy (Sicily), was the first of its kind to operate with artificial 

brackish water (0.03 M NaCl) and saturated brine (4–5 M NaCl) reaching a maximum output power 

of 60 W.  

Innovative applications of RED can also be implemented in hybrid systems. For instance, a RED 

coupled with desalination technologies such as reverse osmosis (RO) or membrane distillation (MD) 

allows for simultaneous potable water and electricity generation. Tufa et al. [74] demonstrated 

practically the application of RED for power generations using hyper-saline MD brine which allows 

for the implementation of a low-energy desalination system with near-zero liquid discharge [74]. 

Such an approach has an enormous advantage from energy and environmental point of view. When 

coupled with microbial fuel cells (MFCs), i.e., creating a system termed as Microbial RED Cell 

(MRCs), RED reduces the typical voltage reversal problems in MFCs. RED can also be coupled with 

microbial electrolysis cells or alkaline electrolysis cells for renewable hydrogen production [75,76]. 

RED can also function as a flow battery for large-scale energy storage. The approach follows the use 

of especially designed cells termed as ‘concentration gradient flow battery’ which are able to store 

energy in the form of the concentration difference between the two electrolyte solutions [77]. 

Potential of an advanced integrated system for the generation of clean water (e.g., by RO) and 

energy (e.g., by RED) in Ethiopia is clearly possible in some areas. The Afar depression is a vast desert 

expanse between Ethiopia, Eritrea, and Djibouti. This area is a source of large deposits of salts and 

brackish water as well as ground water which are used, among others, in some RO desalination plants 

in the area [19,73]. The power consumption for the such RO desalination plants and the intake pumps 

is mainly provided by a rechargeable battery and wind turbine. Moreover, its well known that RO 

rejects or RO brine produced after desalination have a major environmental issue. For instance, the 

discharge of RO brine into water bodies is associated with an adverse impact on aquatic organisms. 

Brine treatment and disposal itself is even an extra cost that otherwise can be exploited differently 

for other beneficial purposes. For instance, RO brine can be used as a feed to RED for electricity 



Sustainability 2020, 12, 8792 19 of 34 

generation. Thus, the extra power supplied by RED presents a huge potential to compensate for the 

energy consumption by the RO unit through the implementation of an integrated RO-RED system. 

Such an approach has been recently investigated with the advantages demonstrated in terms of both 

energy and environment for different configurations [69,74–76]. In fact, the groundwater used as an 

RO feed is hot, as the region itself is known to have the daytime temperatures of more than 40 oC in 

the long hot season. Eventually, the use of such hot, saline groundwater directly in RED is another 

strategic approach for enhanced power generation at high operating temperatures maintained with 

no added cost. 

A significant research effort is still required to realize reverse electrodialysis commercially. The 

availability of low resistance and highly permselective IEM is the key challenge. The current 

membrane price for low resistance commercial membranes is very high (˃ 50 €/m2). To meet the 

commercial threshold in power density (~ 5 W/m2) and membrane price (< 2 €/m2), new aspects in the 

design of very thin ion-exchange membranes based on low-cost raw materials is very crucial. 

Moreover, when it comes to practical implementation RED under realistic natural conditions, design 

of special membranes able to selectively pass only monovalent while retaining multivalent ions or 

identification of suitable feed pre-treatment technologies is crucial.  

4.2. Pressure Retarded Osmosis (PRO) 

PRO is one of the membrane-based technologies for SGP production. It uses a semipermeable 

membrane through which a low concentration solution (LCS) permeates into high concentration 

solution (HCS) (Figure 10.). The PRO method was invented by Prof. Sidney Loeb in 1973 at the Ben-

Gurion University of the Negev (Israel) who reported the first PRO results using a hollow-fiber 

seawater RO membranes [78]. Later on, Loeb himself patented another approach to PRO functioning 

in as a closed-loop osmotic heat engine able to convert the heat energy into mechanical work by 

engineered osmosis [79]. In the 1980s, up to 1.6 W/m2 power density was achieved from experimental 

studies on PRO [80]. Later, other researchers further developed the technology through model 

development to depict the performance of PRO [81], studies on the effect of concentration 

polarization [81], membrane development and testing [80]. From the 2000s onwards, several studies 

were conducted on the development of PRO. Statkraft and the Foundation for Scientific and 

Industrial Research at the Norwegian Institute of Technology (SINTEF) reported a study on the 

regional and global potential of PRO [82,83]. In 2009, the world’s first osmotic power plant based on 

PRO was demonstrated by Statkraft in Norway [84]. The other prototype is hybrid RO-PRO 

prototype which was built in 2010 by the ‘Mega-ton water system’ project in Fukuoka, Japan. It was 

designed to operate with seawater reverse osmosis (SWRO) and wastewater reclamation systems for 

power generation [84].  

 

 

Figure 10. Illustration of the PRO system for SGP production [85]. 
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The resultant brackish water is obtained when the LCS is diluted by the water flowing through 

the semipermeable membrane, and the freshwater at the outlet are both returned to its source [86]. 

River, brackish and wastewater can be used as LCS and seawater and brine can be employed as an 

HCS (draw solution). Before feeding to the PRO, any contaminants and impurities can be removed 

by pretreatment to reduce membranes fouling. When water permeates into HCS, the solution is 

pressurized and the stretched volume drives the external turbine to produce electricity [3]. A pressure 

exchanger is used to recover part of the pressurized HCS thereby reducing the cost of the technology. 

Osmotic water flux Jw in PRO can be obtained from the membrane water permeability A and the 

driving force which is related to the osmotic pressure difference (Δπ) and the hydrostatic pressure 

difference (ΔP) as [87]: 

J� = A(Δπ − ΔP) (4) 

Thus, the power density Pd produced in a PRO process is the product of the augmented flow 

rate and pressure drop through a hydro-turbine:  

P� = J�ΔP = A(Δπ − ΔP)ΔP (5) 

The main research on PRO in recent years is mainly focused on the improvement of power 

density by optimizing the various parameters in the system including optimization of the feed type 

and concentration of the draw solution, membrane development and fouling reduction, hybrid 

applications (e.g., integration of PRO with another system such as RO). Similar to RED, membranes 

are the key component in PRO system. To achieve acceptable power density, a PRO membrane 

should possess high water flux, high rejections of salts and low reverse flux and minimized internal 

concentration polarization. Flat sheet and hollow fiber membrane are the most common ones used in 

PRO experiments. For instance, cellulose triacetate (CTA) membrane, is one of the most widely used 

flat sheet membranes. Flat sheet thin film composite (TFC) membranes also have a huge potential in 

PRO applications. The hollow fiber membrane is attractive option in PRO application because of its 

self-mechanical support, spacer free module, high packing density, flow dynamics, small footprint 

and easy in scale-up [88]. However, an improvement in water permeability and mechanical 

robustness are still the challenges in the development of PRO membrane. Table 5 shows the power 

density obtained from PRO system for different membranes at varying salt concentration. Generally, 

the TFC membrane provides higher power density than TCA membranes mainly due to higher water 

flux and lower concentration polarization effects. 

Table 5. Experimental performance for laboratory size flat sheet and hollow fiber PRO membranes 

[88]. 

Draw solution 

concentration (M NaCl) 

Draw solution pressure 

(bar) 
Membrane 

Power density 

(W/m2) 

0.60 9.7 CTA flat sheet 2.7 

0.59 13.0 TFC flat sheet 9.0 

1.03 9.7 CTA flat sheet 4.0 

1.00 20.7 TFC flat sheet 14.1 

1.00 15.0 TFC flat sheet 12.0 

1.06 – TFC flat sheet 11.4 

2.07 12.6 CTA falt sheet 3.2 

3.00 48.0 TFC flat sheet 60.0 

1.00 15.0 Dual layer hollow fiber 5.1 
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1.00 20.0 TFC hollow fiber 7.6 

1.00 15.0 TFC hollow fiber 16.5 

1.00 15.0 TFC hollow fiber 20.9 

1.00 20.0 TFC hollow fiber 24.0 

Most laboratory-scale PRO tests employ seawater (~ 0.5 M NaCl) and SWRO brine (~ 1.0 M NaCl) 

as a draw solution [88]. The most common feed solutions used in PRO is river and wastewater or a 

mixture of the two [3]. River water/seawater was already tested in PRO but such scenarios result in 

low energy density. The use of brine from MD or RO allows for the development of a hybrid process 

such as PRO-MD and PRO-RO. Such designs have a huge advantage in terms of high output power 

and environmental protection. To boost the PRO process for commercialization, further research is 

expected focusing on the design and development of optimal membranes and the development of 

pressure exchanger devices to reduce energy consumption. A membrane with high anti-fouling 

characteristics and a long lifetime could reduce the operational and capital costs of PRO. For instance, 

new inorganic and polymeric membrane materials for higher power density has been proposed 

recently [88].  

Ethiopia is a landlocked country with no access to the sea; however, with about 7000 km2 of 

inland water bodies with high potential of serving as LCS, Ethiopia is called the waterfall of Africa. 

It has 11 freshwater lakes such as Lake Zeway, Lake Tana, Lake Abaya, Lake Chamo, Lake Abbe, 

Lake Langano, Lake Zengena, Koka reservoir, Lake Hyqe, Lake Gummare, Lake Hwassa and 9 saline 

lakes such as Lake Afrera, Lake Karum, Lake Abbe, Lake Abijatta, Lake Ashenge, Lake Basaka, Lake 

Chew Bahir, Lake Shala and Lake Turkana. 

The presence of such freshwater and saline water resources implies the existing potential of SGP 

in Ethiopia. For instance, the hypersaline Lake Afrera and Karum, which are located in the northern 

part of the country (Afar region) in the geological depression termed “Denakil Depression” (Figure 

11), can be considered to be a promising source of salty water. Lake Afrera exhibits huge mounds of 

salt built on the lake shores due to extreme salt concentrations, and this area is also used for salt 

extraction by the Afar people. There are also local companies producing salt from the lake by 

pumping the brine into artificial ponds for evaporation and subsequent precipitation [89,90]. Lake 

Karum (also called Lake Asale) is also another hypersaline lake exhibiting a lake-bed forming a jet 

white salt crust arranged in irregular contours that smoothly submerges in the clear water lake. At 

the north of this lake is also a mining settlement called “Dallol”. The brackish water or brine existing 

around such salty lakes and mining sites can be a promising potential location where SGP can be 

implemented. In principle, the availability of fresh water is crucial to harness the SGP by mixing with 

the salty water. One potential source can be Awash river with the largest part of its Basin located in 

the arid lowlands of the Afar Region. There are also other saline lakes in different regions such as 

Lake Shala, Lake Ashenge, Lake Turkana, which can be potentially harnessed for SGP. Other 

potential sources of SGP include brine contained in the waste stream of geothermal power production 

sites, for example, at the Aluto-Langano geothermal power station with a net power generation 

capacity of 7.3 MW. Groundwater, providing more than 90% of the water used for domestic and 

industrial supply in Ethiopia, can also be used as a potential source of SGP. In addition to these, 

municipal and hospital effluents can serve as the HCS in PRO leaving PRO in the heart of energy-

producing technologies at a small scale. Nevertheless, all these potential SGP sources require the 

accurate study of the salinity levels in the various parts of the country. Studies are also required to 

evaluate the existence of saline wastewater from industrial or domestic sources.  

Cross-border developments in cooperation with neighboring countries such as Eritrea and 

Djibouti is also another aspect that can be considered when it comes to the exploitation of SGP. The 

SGP technologies can be implemented in different designs: i) as standalone systems using the Red 

Sea as saline water sources or ii) in hybrid applications with modern, largescale desalination facilities 

such as RO, which is still required to boost the clean water supply of these countries. This is one way 

to enhance the strategic relationships of such countries in exploiting the electrochemical potential of 

their freshwater and salt resources.  
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Figure 11. a) Afar region in Ethiopia: Dallol depression, its location and geological features of the 

Dallol saline pan; b) 3D Digital Elevation Model (DEM) overlay image of Danakil Depression: the 

color transition from green to blue shading indicates above and below sea level [91] . 

5. Membrane Technology for Advanced Biofuels Production (Bioethanol and Biodiesel) 

Biofuels are among the alternatives to tackle the challenge of fossil fuels [92]. As shown in Figure 

12, the production of biofuels follows three fundamental steps: Pretreatment and milling/grinding, 

enzymatic hydrolysis, and fermentation. Membrane separation technologies in biofuel production 

generally play a great role, particularly in fermentation feed separation and enzyme recirculation. 

This has a huge benefit in terms of reducing production costs, removing fermentation inhibitors and 

balance hydrolysis with fermentation [93].  

Food crops and oils seeds are known to be the primary sources for first-generation biofuels 

production. However, the desired targets in achieving biofuel production are limited by some factors 

such as cost and limited greenhouse gas (GHG) reduction or environmental benefits. Therefore, the 

development of second-generation biofuels production based on non-food crop feedstocks is 

envisaged to overcome some of the drawbacks of first-generation biofuel production.  

 

Figure 12. Process steps in biofuel production from biomass using membrane technology. 

The two most common liquid biofuels produced from biomass are bioethanol and biodiesel [66]. 

Ethiopia has a high potential for biofuel production. The availability of biomass for bioenergy 

production was estimated to be 750 PJ/year [61]. Of which forest residue contributes the highest (i.e., 

47%). The share of the other biomass is; 34% crop residue, 19% livestock waste and 0.05% municipal 

solid waste. Currently, the countries’ strategic plan is to produce bioethanol from sugar beet, sugar 

cane, sweet sorghum and others and biodiesel from jatropha and castor [66]. Additionally, the 

country’s potential of producing bioethanol from other raw materials such as molasses and 

eucalyptus trees remains high. Ethiopia currently produces 28 million liters/yr ethanol from two 
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plants using molasses in the sugar factory [66]. There are 13 sugar factories, of which eight are 

completed and five are under construction. When the new factories start production and the 

expansion to the other factories is complete, the ethanol production from molasses will be 

significantly increased.  

Biodiesel is among the biofuels which are gaining greater attention pertaining to its ability to 

substitute fossil fuels. Owing to the disadvantages in the enzymatic transesterification process for the 

production of biodiesel, research in modeling, designing and controlling efficient bioreactors with 

immobilized enzymatic transesterification are underway for industrial-scale production [94]. 

Hydrogen gas can be produced from bio-oil by catalytic membrane reactors through auto-

thermal reforming with high conversion efficiency. A study in the immobilization of biological 

catalysts such as enzymes or whole cells on synthetic membranes under mild conditions has been 

well-assessed. The synthetic membrane can replicate the cell membrane function of protecting the 

enzymes from contaminants and inhibitors [95]. 

In a membrane bioreactor (MBR), the selective membrane is used to confine the biocatalyst in a 

well-defined space. In a biocatalytic membrane reactor (BMR), the enzyme is immobilized on the 

membrane, by absorption or entrapment within the polymeric structure of the membrane, in which 

only the product is allowed to pass through the membrane [96]. The different types of MBR for the 

production of biofuels include enzyme membrane reactors (EMR), enzyme gel-layer membrane 

reactors, membrane segregated enzyme reactors, membrane-bound enzymes in continuous flow 

reactors, and whole cells or enzymes immobilized in capillary membranes reactors [97]. For possible 

use of MBR in second-generation biofuel production at pilot-scale and industrial-scale, certain aspect 

of the system such as separation and recycling of the biocatalyst, immobilization of the biocatalyst on 

the surface of the membrane by covalent bond and entrapment of the biocatalyst has to be clearly 

defined [98]. Although direct immobilization of enzymes on the membrane has several advantages, 

it does not allow for the regeneration of neither the membrane nor the enzyme when the BMR is 

either over fouled or the enzyme is denaturated. Gebreyohannes et al. showed a new and innovative 

strategy to reverse immobilize enzyme over the surface of the membrane [99]. This new class of 

stimuli-responsive BMR was able to reduce the major issues faced when using BMRs for large scaler 

production of bioethanol from biomass including easy enzyme recyclability, prevent enzyme-

product inhibition, in situ membrane foulant degradation, continuous operation at high solid loading 

and solid loading rate and high bioethanol productivity per mg of enzyme. It also allowed process 

intensification through the possibility of co-immobilizing  various types of synergistically 

performing enzymes in a single stage reactor [100]. 

Currently, Ethiopia blends bioethanol in vehicle fuel to save hard currency. By 2030, the 

Ethiopian government envisages blending further 5% in transport fuel. Since 2008, the country has 

saved USD 30.9 million on oil imports by mixing 38 million liters of bioethanol with fuel [66]. 

Considering, the high potential of biofuel production and the country’s policy to blend more biofuel 

to transport fuel, high-quality biofuel is needed. To achieve these, we recommend using membrane 

technologies such as MBR for biofuel production. The main advantages of using MBR for biofuel 

production are, simplicity in product recovery, excellent separation efficiency, reduced energy 

demand, operation in continuous mode, excellent product and biological conversion rate, and others 

[101,102]. The conventional techniques to remove concentrated ethanol is through distillation and 

has several disadvantages [92,102]. High energy consumption at low alcohol feed concentration (< 5 

wt/%.), not appropriate to obtain high concentration of ethanol and the distillation temperature can 

deactivate the proteins and enzymes and blocks the use of microorganisms. These limitations can be 

compensated by membrane technologies such as RO, ultrafiltration and nanofiltration, 

pervaporation, hybrid technologies including pervaporation-distillation techniques. Therefore, clean 

biofuel can help to increase the octane number, thereby increasing the anti-knocking properties of 

the engine to keep healthy vehicles, decreases GHG emission and promoting renewable energy 

technologies.  
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6. Membranes for Energy Storage Electrochemical Devices 

Energy storage is the key to efficient use and clean generation of energy. Thus, low-cost, energy-

efficient, safe and large-scale energy storage systems are essential to match the energy supply and 

demand [103,104]. This avoids energy wastage, thus enhancing the system flexibility, and improving 

energy management efficiency. Overall, it plays a positive role in creating a low-carbon world 

economy. There are several criteria used in selecting a specific energy storage technique. The main 

factors considered are (i) availability of energy resource, (ii) energy requirement and application, (iii) 

storage efficiency, (iv) cost and (v) infrastructure and life cycle [105]. Depending on the form of 

converted energy, energy storage technologies can be divided into five categories, such as chemical, 

electrochemical, mechanical, electrical, and thermal energy storage. Table 6 presents the classification 

and main remarks of the different energy storage systems. 

Table 6. Classification of energy storage technologies [106–108]. 

Energy storage Working principle Typical examples 

Chemical 
Energy is stored in the chemical bonds of 

atoms and molecules. 

Hydrogen, synthetic natural gas, 

biofuels and thermochemical energy 

storage. 

Electrochemical 

Convert chemical energy into electrical 

energy. Energy available as electric current 

at a defined voltage and time 

Electrochemical batteries (primary and 

secondary cell or battery) and 

electrochemical capacitors. 

Mechanical 
Convert mechanical energy into electrical 

energy. 

Flywheel system, pumped hydro 

storage system and compressed air 

energy storage system. 

Electrical  
Realized by applying supercapacitor and 

magnetic storage. 

Capacitor, supercapacitor and 

superconducting magnet. 

Thermal 
Store thermal energy by heating/cooling 

different media in enclosures. 

Sensible heat system, latent heat 

system, absorption and adsorption 

system 

Generally speaking, electrochemical battery consists of four components, namely anode, 

cathode, membrane (separator) and electrolyte. Membrane plays a crucial role in these batteries since 

it separates the two electrode chambers, thus preventing mixing of electrolytes and short-circuit of 

the battery. Additionally, it conducts the charge carrier ions. Therefore, the membrane should possess 

good mechanical, chemical, thermal stabilities, and electrolyte uptake. An ideal membrane should 

have low internal resistance and low or no active species crossover. In this section, the most common 

electrochemical batteries, such as Li-ion, lead acid, metal-air batteries, vanadium, and organic redox 

flow batteries (RFBs) are discussed. 

Lithium-ion batteries are by far one of the most popular type of batteries commonly used in 

various portable electronics. In these batteries, five major types of membranes, such as microporous 

membranes, modified microporous membranes, electrospun non-woven mats, composite 

membranes and electrolyte membranes are used [5]. Mircroporous polyolefin membrane separators 

are used in commercial lithium-ion batteries. The other membranes are used to solve problems 

associated with these membranes. Other commonly used batteries are lead acid batteries. Energy 

storage market is now dominated by lead acid batteries. In this battery, On discharge HSO4− ions 

transports to the negative electrode and produce H+ ions and PbSO4. Whereas, at the positive 

electrode, the PbO2 reacts with the electrolyte to form PbSO4 crystals and water. AGM 

Separator (Absorbed Glass Mat), a glass fiber mat soaked in sulfuric acid, commonly used separator 

in lead-acid batteries [109,110].  
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Rechargeable metal-air batteries are promising energy storage systems because of their high 

energy densities and environmental friendliness. Lithium-air batteries are one of the most promising 

rechargeable energy storage devices to date [111]. Among the alkali metal-air batteries, zinc-air 

batteries received the greatest consideration. In these batteries, because of their wide availability, 

chemical stability and acceptable ion conductivity porous membranes are commonly used separators. 

On the other hand, crossover of active species remains to be a challenge associated with such 

separators. To solve the issue, composite, C/AEMs have been tested and employed. We reviewed the 

prospects of AEM for alkali metal-air batteries recently [112]. In this work, the state-of the-art of AEM 

in Zn-air batteries and the remaining issues have been addressed. Moreover, battery performance has 

been associated with the properties of the membranes. 

Concerns regarding the irreversible aging and fire hazards associated with lithium-on batteries 

are the main reasons for searching other energy storage systems. Redox flow-batteries (RFBs) have 

great potential to overcome these drawbacks. The Skyllas-Kazacos group reported the first vanadium 

in 1984-based batteries (Figure.11) [113]. Ion-exchange membranes are of the key constituents in 

VRBs, in which VO2+/VO2+ and V3+/V2+ serve as positive and negative redox couples, respectively. The 

membrane prevents cross mixing of the electrolytes and allows the conduction of ions [114]. The 

electrical neutrality is reached by the transport of protons (or sulfate ions when AEM is employed)  

[115]. The performance of the battery is greatly affected by the properties of the membranes used 

[116]. Various types of membranes, including pore-filled composite membrane, perfluorinated 

membranes (like Nafion), modified perfluorinated membranes, and non-fluorinated membranes are 

commonly used [115]. To date, Nafion remains the most widely used. However, it is extremely 

expensive and crossover of active species remains to be the main issue for large-scale applications 

[117]. various membrane synthesis and modifications, including Nafion composite [118] and 

hydrocarbon-based nanocomposite membranes [119] are employed to address these issues. These 

research threads are (i) physical and chemical modification of Nafion membranes and (ii) preparation 

of new less-expensive membrane materials to replace Nafion membranes [120].  

Another propitious stationary energy storage RFBs are aqueous organic redox flow batteries 

(AORFBs), in which the active materials are dissolved in liquid electrolytes stored in external 

reservoirs. A typical all organic redox flow battery is shown in Figure 13. Limited membrane options, 

such as Nafion, Selemion AMV and DSV are available on the market [121]. Moreover, the cost of 

these membranes is too high for widespread commercialization of low-cost AORFBs [122]. Low-cost 

dialysis (porous) membranes are one option  [123]. Crossover-free membranes should be used in 

order to prepare an  AORFBs with a good cyclability [124]. On the other hand, the ionic conductivity 

of the membrane affects the power density of the battery. Thus, a tailored made low-cost ion-

exchange membranes dedicated to these batteries is required in order to commercialize these types 

of rechargeable batteries [125]. 

 

Figure 13. Schematic view of a redox flow battery system [124]. 
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7. CO2 Capture and Use 

Gas separation has become commercially competitive with respect to existing separations 

technologies in recent decades due to the significant innovations and improvement in membranes. 

Membrane for CO2 separation and capture has shown a greater potential alternative to the 

conventional techniques. These advantages are easy applicability, efficiency, flexibility, simple 

design, single step separation, ability to maintain high CO2 pressure, and performance of separations 

at low energy penalties [93]. Additionally, membranes allow selective capture of CO2 from different 

gas stream such as flue gas (post-combustion system), natural gas (natural gas processing), hydrogen 

(pre-combustion systems) or oxygen from nitrogen (in an oxyfuel combustion system) [93]. Figure 14 

illustrates the basics of CO2 capture process using membrane separation.  

 

Figure 14. A spiral wound module for separating CO2 from other gases [126]. Pressurized feed gas 

pumped into the membrane module. A stream of higher CO2 concentration is gained from the 

permeate side. The other gases are called retentate. Vacuum pump or compressors (not shown in this 

figure) are used to increase the partial pressure of the CO2 gas.  

Membranes for gas separation can be classified as polymeric (organic), inorganic (metallic and 

porous), mixed-matrix (hybrid) and supported-liquid/facilitated transport. Polymeric membranes 

are mainly employed to capture the production of clean fuel from a gas mixture (coal gasification and 

steam reforming). A typical membrane for CO2 capture should possess high permeability, high 

CO2/N2 selectivity, thermal and chemical resistance, plasticization resistance, high resistance to aging, 

cost-effectiveness and ability to be cheaply manufactured into different membrane modules [93]. 

However, permeability and selectivity are the two key properties [12]. Besides the membrane, the 

configuration of membrane module is an important factor for CO2 capture. Spiral wound, hollow 

fiber and envelope configurations are adopted to polymeric membrane. Packing density is the main 

indicator to evaluate membrane module. It is related to the surface area of the membrane per volume 

inside the module.  

Although the membrane-based separation technology has great potential for controlling CO2 

emission, it still has problems in the energy consumption of the compressor/vacuum pump because 

of the low partial pressure of CO2 [127]. Low partial pressure of CO2 requires high permeance, and 

very large membrane area to deal with typical flue gas. Therefore, the focus of research involving 

membrane is to increase the permeability by keeping the selectivity balanced. Most membrane gas 

separation is based on lab-scale experiments and as compared to chemical absorption technology, it 

is still young and immature technology. It is further needed to upgrade this technology to pilot and 

full-scale plants.  
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8. Conclusions and Outlook 

With the rise of the global population and the growth of industrialization in developing nations, 

the energy demand has reached unprecedented levels. Ethiopia, as one of the nations in the brink of 

socio-economic development, also faces major challenges in limited access to modern energy supply 

with a huge dependence on traditional biomass energy sources, and the power generation for the 

electric grid mainly depending on hydropower. As the second-most populous country in Africa, 

Ethiopia faces the second biggest electricity deficit in the continent with more than 65% of the 

population lacking a connection to the grid. However, it has a huge potential for renewable energy 

production in general (hydropower, wind, solar and geothermal sources). An example is the giant 

Grand Renaissance dam on the Blue Nile River which is expected to produce about 6,000 MW being 

the largest hydroelectric power plant in Africa. However, the installed capacity at the current state is 

not sufficient to address the future energy demand requiring a dramatic expansion of various energy 

sources. Further assessment and development of alternative renewable energy resources are essential 

to maintain sustainable development in the country. Thus, membrane-based energy technologies 

play a crucial role in advancing the share of energy from renewables in Ethiopia. Prospective 

strategies to advance the use of renewable energy and integrated membrane technologies shall 

include: 

i) Fuel cells and hydrogen technologies which are among the key innovations that help establish 

a low-carbon economy. The most important applications involve: 

 Off-grid power supply: As a clean and versatile energy carrier of electricity, hydrogen has 

the advantage of being storable and transportable in various ways. When coupled with a 

fuel cell, hydrogen provides a carbon-free energy pathway, thereby allowing for a flexible 

and decentralized energy system for various applications. For instance, there is a possibility 

of converting the largely available biomass directly into hydrogen which can be converted 

(transported if required) to electricity to fuel cells. Thus, the implementation of such 

technologies enhances the potential of powering the large majority of the Ethiopian 

population residing in off-grid remote areas. It is, therefore, essential to consider the fuel cell 

and hydrogen technologies in the strategic plan of the Ethiopian energy policy.  

 Transportation: Given its high energy density of approximately 120 MJ/kg that is about three 

times that of diesel or gasoline, hydrogen can also play an important role in the transport 

sector, for instance in fueling railway and Automotive including heavy load vehicles, trucks, 

buses, etc and even ships and aircraft. This would largely reduce the import expense and 

use of fossil fuels. 

 Chemical production: Other secondary application of hydrogen includes the chemical 

industry, for example in making fertilizer, with a huge advantage for a country such as 

Ethiopia heavily relying on agriculture.  

ii) MFC is a versatile technology and can be used for wastewater treatment and bioelectricity 

generation simultaneously. In Ethiopia, MFC technology is in the infancy stage otherwise not started 

yet despite the existence of possible sites including municipal treatment plants, industrial parks and 

brewery wastewater treatment plants to deploy this technology. 

iii) Membrane-based salinity gradient power (SGP) technologies such as reverse electrodialysis 

and pressure retarded osmosis which enable the generation of clean electricity from mixing aqueous 

solutions of different salinity e.g., freshwater and seawater. Although Ethiopia is a landlocked 

country with no access to the sea, there are some possibilities for implementation of SGP technologies. 

 Natural salt lakes: Lake Karum, which is located in the northern part of the country (Afar 

region) in the geological depression termed “Denakil Depression”. Also, a mining 

settlement called “Dallol” is located in the north of Lake Karum. These kinds of salty sites 

can be a potential source of brine and hence SGP considering the huge availability of 

freshwater such as rivers and lakes in different parts of Ethiopia.  

 Brine solutions: Brine can be found in the waste stream of geothermal power production 

sites. There exist established geothermal sites in Ethiopia, for example, the Aluto-Langano 

geothermal power station which is the oldest one with a net power generation capacity of 
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7.3 MW, and prospective areas, for example, in the Afar depression. Coupling the SGP from 

hypersaline water from geothermal wells enables a unique synergy that increases the overall 

economic viability of geothermal power plants. 

 Saline groundwater and industrial wastewater: Such types of feed resources can also be 

exploited for SGP; however, they require exhaustive assessment to determine the SGP 

potential of such sources in the country. 

iv) Technologies for CO2 use which at the same time allow for storage of renewables. Although 

Ethiopia is not an industrialized country with little considerable emission of CO2, the country still 

relies heavily on waste and biomass which are the largest primary energy sources of the country 

(92.4% of total energy supply). Up to 80% of Ethiopians have no access to electricity for household 

purposes, hence they entirely depend on wood stoves, which is largely associated with CO2 emission. 

This along with its ambition to reach a carbon-neutral status by 2025, the country could also benefit 

from advancing various CO2 capture and use technologies. For instance, considering the country’s 

huge solar energy potential, the implementation of direct CO2 electroreduction technologies driven 

by solar energy is among the alternative contributing to strategies of transforming the country into a 

carbon-neutral economy.  
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