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Abstract 

This project presents a technical model for the creation of a sustainable community, 

particularly for developing nations. The aim of this project is an initiative to join engineering 

technology with communities to impulse and assure the basic human rights of energy, water and 

sanitation to developing nations as part of the United Nations Millennium Development Goals 

for 2015. 

The sustainable community model involves discrete but integrated subsystems including 

solar and hydro energy, water and sanitation treatment and a recycling system. A model of a ten 

home community was used in the determination of an economic analysis for the application of 

the different components presented in this thesis.  

 Solar data was collected using two 210 W PV panels to assess the efficiencies in the 

conversion and distribution of this renewable energy source under varying daily weather patterns 

in South Florida. A hydro energy system was developed to supplement solar energy in order to 

meet a community’s electricity needs. The hydro system can simulate different elevations by the 

direct relationship of pressure and head. Another aspect analyzed was the possibility of 

producing a Pelton-type water wheel primarily made from recycled plastic.  

Bio-sand filters were assessed as a viable water filtration system. The mechanical, physical 

and biological properties of bio-sand filters were studied as a function of the hydraulic loading 

rate and type of media selected for filtration. Wastewater from a household was evaluated in two 

ways: grey water and black water. The methodology of construction and sizing of constructed 

wetlands, or bio-filters, was researched as an alternative to treat and reclaim grey-water. An 

experimental set up for an aerobic digester was made to investigate the co-digestion capabilities 

of multiple organic substrates within a digester. The anaerobic digester produces methane-rich 
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biogas that can be used for cooking, heating and electricity, as well as a nutrient rich fertilizer for 

crop lands or other applications.  

 The increasing plastic pollution problem across the world was addressed by designing 

and constructing an innovative plastic recycling mechanism. The recycler intakes various 

thermoplastics and transforms them into recycled plastic filament that can be used in a 3D 

printer, or into plastic pellets to be used in the manufacturing of recycled plastic goods.  

 The results of our study indicate that a model ten home community located in a tropical 

region can generate up to 88% of its electricity needs from ten 420 Watt PV arrays. The average 

daily energy output obtained from the PV array was 1.2 kW-hr. The remaining electricity needs 

can be fulfilled from harnessing energy from flowing water or from an integrated rain catching 

system. A ten m
3
 anaerobic digester was designed to account for the cooking needs of the ten 

households. Based on our design criteria 8 m
3
 of biogas can be obtained from manure and the 

remaining 2 m
3
 from the addition of house hold kitchen wastes and agricultural wastes. The 

calculated C/N ratio was 29, which closely resembles the optimum figure of 30 given by many 

literature sources. The recycler was constructed and successfully extruded recycled PLA plastic. 

Further development will lead to the production of a consistent diameter filament that will be 

used to create a test sample to analyze the mechanical properties of this recycled plastic.  
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1. Introduction 

1.1.  Overview 

Energy is currently at the center of public concern due to rising oil prices, energy security 

and the need to address climate change. The use of non-renewable energy sources has brought 

about grave environmental, social, and political impacts. Worldwide energy demand is 

continually rising partly on account of the population and economic growth in developing 

nations. Energy is the key requirement for all development in our modern civilization. Although 

most industrialized nations are currently engaged in exploring new green alternatives in the 

fields of transportation, electricity and industrial processes, the world is still completely 

dependent on fossil fuels. The world’s reliance on fossil fuels is not only environmentally 

unsustainable but also unviable in nations which are struck by poverty. Almost one third of 

humanity lives in the dark, having no electricity for their everyday needs. In addition, several 

billion people across the globe rely on solid biomass as their cooking fuel, causing large scale 

deforestation, smoke pollution and severe health impacts such as Acute Respiratory Disease.  

This project introduces an interdisciplinary approach towards integrating renewable 

energy sources while exploring battery free energy storage options for the implementation in 

sustainable communities. This concept branches out from our recently award winning proposal, 

in the 2013 Odebrecht Award for Sustainability, titled " Education, Renewable Energy and 

Disaster Resistant Housing for Rural Haiti: An Integrated Design for Reconstruction." Through 

this proposal which was specifically aimed for Haiti, we have expanded the scope of our project 

to address the energy, sanitation, water and recycling needs for developing nations. By 

harvesting renewable energy and rainwater, recovering energy from waste, and creating a 
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recycling based economy, existing communities can have a dramatic increase in their quality of 

life. 

 

1.2.  Problem Statement 

Our reliance on fossil fuels as our main energy supply has brought about grave 

environmental, social, political and health impacts worldwide. Addressing these issues requires 

an interdisciplinary approach to provide a framework for a viable sustainable development 

model. There is a need for a global cooperative platform that adequately assesses technical 

solutions to some of mankind's most pressing issues: energy and water security, climate change 

and the development of a community focused expertise in sustainability. 

 

1.3.  Motivation 

The way that international aid has been performed over the last decades has been through 

a patronizing system in which external entities enter communities and implement their versions 

of how to ‘save the people.’ This form of aid has usually ended up harming the communities it 

sought to help, as can be seen in many failed aid projects in Haiti and Africa. The main reason 

why externally imposed aid seldom has a positive impact is because of its unwillingness to work 

alongside the people in a cooperative platform. In order to develop long-term solutions that 

improve a community’s quality of life, a project must be implemented with respect, while 

providing communities who wish to be helped with the opportunity of becoming technical 

professionals.   

 

Our ultimate goal is to create sustainable and integrated technical solutions that can 

address the energy, water, food, educational, and health issues faced by rural populations across 
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the globe. Dealing with such a broad range of problems requires that the current project focus on 

a limited amount of technical components as an initial step in achieving our final goal.  

 

   The technical components of the model sustainable community explore new areas of 

research: a plastics recycling system based on 3D printing technology and the design of an 

efficient Pelton-type water wheel that can be made from recycled plastic. In essence, our 

motivation is to address global issues from an interdisciplinary-technical standpoint that 

combines energy, water treatment and recycling into one technical-model for sustainable 

development.   

1.4. Sustainable Communities 
 

Masdar city is an example of an eco-friendly city that is currently being built in the 

United Arab Emirates. It is presented as an experimental model for ecologically sound urban 

planning and the integration of renewable energy sources, focused around the improvement of 

people’s quality of life in urban settings. The community’s master plan aims to provide housing 

to over 40,000 residents and access to 50,000 commuters. It addresses very specific efficiency 

requirements that significantly reduce the energy needs to 25% of what a normal city of this size 

requires. Masdar city’s water consumption levels are reduced to less than 50% of a normal city, 

by use of smart water meters that detect leakages throughout the city and through usage of 

processed wastewater for irrigation. The eco-city’s goal is to create a fossil free zone that utilizes 

100% renewable energy, zero waste and zero net carbon (Lau). One limitation to the scope of 

this project is the isolation of this community in the middle of a desert with very little possibility 

that the community can expand beyond its initial plan. Another issue is the multi-billion dollar 



 
 6 

 

investment that it requires, accompanied by a planning strategy that does not take into account 

the inputs and desires of the local community.  

 

 Communities across the world are realizing the need for a sustainable model that is 

environmentally conscious, economically productive and socially just, thus assuring the entire 

population’s right to food, energy and water. The world is entering a new period, a green 

revolution in which action is being taken on many scales: local, regional, national and 

international. The United Nations Sustainable Development Knowledge Platform aims to 

provide a simplification mechanism for the development, transfer and diffusion of clean and 

environmentally sound technologies. One of the outcomes of the Rio +20 United Nations 

Conference on Sustainable Development was the need to create Sustainable Development Goals 

(SDGs) which will replace the Millennium Development Goals (MGDs) in January 2016 (United 

Nations). Currently, there is a joint research conducted by the UN Department of Economic and 

Social Affairs/ Division for Sustainable Development and Duke University that explores national 

government capacity building for integrated water, energy and food security framework for 

developing nations. There is a crucial need for technical progress for an integrated management 

system that provides solutions to the water, energy and food needs of underdeveloped regions.  

 

 Sustainable development is defined as a type of development that meets the needs of the 

present, without compromising the ability of future generations to meet their own needs. The 

interdisciplinary and dynamic nature of sustainable development provides a basis for socio-

economic development while addressing the finite concept of natural resources. Sustainable 

community development involves environmental protection by avoiding the depletion or 
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contamination of natural resources, while promoting progress, growth and economic prosperity. 

The importance of sustainable community development can specially be seen in developing 

nations that are caught in a vicious cycle of environmental degradation, increased poverty and 

illness. There exists a technological gap between poor and rich nations, perpetuated by the 

erroneous thought that technology is too advanced and cannot be managed and maintained by 

people in developing nations. One of the most critical ways to promote sustainable community 

development in emergent nations is by facilitating the appropriate transfer of technology that 

preserves the environment and improves the quality of life (Hope).   

2. Project Formulation 
 

The proposed project intends to integrate renewable energy, water and sanitation 

management and an innovative way to recycle plastics for reuse. By integrating all these aspects 

into a model community, the general scope of this report is to investigate the efficiency, costs 

and feasibility of this form of energy/water/recycling integration system. Through the analysis of 

the model community the next steps of impact of the project would be how to implement these 

technologies in developing nations who wish to improve their quality of life. This 

implementation can only be done through a cooperative partnership in which the community has 

input and authority in the decision making process. In this way, the appropriate technologies can 

be selected for implementation. Through an initial analysis on the topic of sustainable 

community development in emergent nations, our project aims to empower communities with 

technical aspects that can have a positive impact for economic growth, sustainable agriculture, 

energy, water and health security, as well as countless environmental benefits. This project also 

intends to meaningfully impact the technology gap between developed and developing countries.  
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2.1. Project Goals 
 

 Develop an innovative recycler to transform used thermoplastics into 3D printing 

material 

 Perform material testing on high density polyethylene (HDPE) and polyethylene 

terephthalate (PET)  

 Design a low-head pico-hydro turbine that can be manufactured with recycled material 

 Investigate biological treatment options for household wastewater  

 Develop a sizing chart for constructed wetlands, or bio-filters, to treat grey-water as a 

function of flow rate 

 Design and test an anaerobic digester to treat organic wastes 

 Assess water filtration options for drinking water 

 Design and install a solar charging station by the east side gazebos at the FIU 

Engineering Center  

 Perform field research in the Solar House at the FIU Engineering Center 

 Incorporate Electrical Engineering assistance in combining solar, wind, hydro energy into 

one electricity supply line 

 Explore small scale alternative energy storage options as a viable means to store energy 

without the need of batteries 

 

Our proposed design includes the integration of four renewable energy forms: biogas, hydro, 

wind and solar. The integrated energy system is combined with water and wastewater 

management as well as an innovative plastics recycling system. Our energy and water integration 

scheme relies heavily on the diagram reproduced in Figure 1.  
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Figure 1: Proposed Design (Ramakumar and Hughes) 

The proposed design involves discrete sub sections that require individual analysis and 

specific design components. These subsections are: recycler, pico-hydro turbine, helical wind 

turbine integrated with gutter system, water filtration, biofilter and the methane bioreactor.   

2.2. Design Schematic 
 

Figure 2 presents a diagrammatical representation of the complete integration of the components 

we are analyzing for the implementation in a sustainable community.  
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Figure 2: Integrated Design Schematic 

Plastic waste is collected and recycled by an innovative mechanism that turns it into 3D 

printing material or plastic pellets to be used in recycled plastics manufacturing. This recycling 

system generates a boost in the local economy by creating a technical job opportunity in the 

manufacturing and selling of recycled-plastic goods. One application of the 3D printing 

recycling system is making pico-hydro turbines that can be installed in a rain harvesting system 

or a flowing body of water. Hydro power can supplement solar power as a renewable energy 

generation source.  Water harvested from rain passes through a bio-sand filter making it suitable 

for human consumption. Household wastewater can be treated in two different ways. If the 

community is connected to a main sewage line than they can treat their grey-water in order to be 

able to re-use this water for other applications such as irrigation or ground water replenishment. 
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If the community requires a decentralized sewage treatment system, then an anaerobic digester 

can be implemented to treat any type of organic waste such as: sewage, animal manure and 

agricultural wastes while producing additional benefits of biofuel and fertilizer.   

3. Integrated Energy component 
 

As part of this proposal, and as the name of our project states, we are presenting an approach 

towards integrated renewable energy resources to account for the variability of each individual 

source. In order to obtain a constant energy supply without having intermittency issues from 

temporal or climatological considerations, such as only being able to use direct solar energy 

during the daytime, several energy sources must be supplied into one single energy hub to 

account for the lighting, heating and cooking fuel needs of a community. By combining energy 

from solar, hydro, wind and biofuel sources, a community can maintain an off-the-grid consistent 

energy supply.  

 From an economic consideration, the biggest cost of renewables is the up-front 

investment cost. Once they are in place though, they do not require much to be supported or 

maintained. The fact that renewables can be sited locally reduces the need for expensive 

transmission costs. On the other hand, fossil fuel costs are continually rising,, increasing power 

costs. Investment and subsidy creation in renewable energy production, however, will lower up-

front costs and the venture will produce innumerable environmental and health benefits. Interest 

and investments in renewable energy is growing worldwide and expected to double by 2020 or 

2030.  

 In order to make a significant difference in the incorporation and usage of 100% 

renewables as an energy source, power needs to become decentralized and be controlled more by 
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communities and individuals. This system will provide energy stability, job creation and 

eliminate the dependence on a fossil-fuel fed grid.  

3.1.  Renewable Energy in Developing Nations 
 

Renewable energy is one of the most potentially effective solutions for sustainable 

development.  These green energy technologies can provide an alternative to fossil fuels and 

establish the basis for electrification systems in rural areas. Solar, wind, hydro and biogas units 

are already being studied and implemented. 

4.1.1 Solar  

As of now, 5000 MW PV power is produced by Photovoltaic Cells (PV) technology 

around the globe. The sector registered a 31% increase over the last 10 years with multi-

crystalline silicon as the major PV material. With the mass production of thin film solar cells, the 

costs are predicted to markedly drop by 2020, making solar panels much more affordable. The 

efficiency of thin film solar cells is in the order of 40% as opposed to multicrystalline silicon, 

where the maximum efficiency obtained was 15% (Lior).  

In China, agriculture represents an integral part of society, with more than half a billion 

farmers relying on fossil fuels as an energy source. This degrades their natural environment but 

also presents a threat to the economic sector, as it will be impossible in the future to keep up with 

fossil-fuel energy production and demand. In rural China, PV systems increased by close to 

300% (to 20 MW capacity) between 2004 and 2011. A research conducted in those areas reveals 

that more than half of the farmer’s households surveyed agreed to convert their traditional houses 

to solar houses (Li, Li and Wang). 
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4.1.2. Hydro 

One third of Bolivia's population, located in rural areas, lacks electricity. At the same 

time, Bolivia possesses the ability to generate Micro Hydro Power (MHP) due to its geography. 

The energy produced by a MHP installation would be a continuously available resource, since 

the Andes region contains rivers with head elevations between 1800-2900 meters. As a result, 

MHP provides a lower cost (US 7–20¢ per kWh) as compared to a small wind turbine (15–35¢) 

or a solar house (40–60¢). Many of the MHP systems are stand-alone and are financed by local 

and international organizations (Drinkwaard, Kirkels and Romijn). 

Nuristan, a city located in the northern part of Afghanistan closely resembles Bolivia’s 

rural areas. The availability of various streams and rivers make it suitable for MHP. In 2007, the 

implementation of a 7kW system helped in the generation of electricity and the sustainability of 

wheat production. Also, each home possesses one or more sources of lighting as a direct result of 

the MHP system. Prior to this, energy was scarce (Hallett). 

4.1.3. Wind 

Ghana possesses the ability to harness wind power with monthly wind speed readings of 

4.8-5.5 m/s at an altitude of 12m. This diagnosis originates from an official report of the Solar 

and Wind Energy Resource Assessment Programme (SWERA) which collected reliable data at 

11 coastal sites East and West of the Meridian near the Accra region. The research also proposes 

the ideal turbine which would be the most suited for this type of environment: the FuturEnergy 

Turbine. This turbine produced a reasonable amount of power (1 kW), compared to similar 

designs, but presented the most cost effective option. In ideal conditions, this turbine would also 

desalinate and provide water for nearly 100 individuals (Parkam, Schaferb and Richardsa). 
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4.1.4. Biogas 

Biogas constitutes an abundant and cheap energy source. It is easily obtainable from 

animal, human, vegetable, agricultural and industrial waste. This form of energy can be used in a 

number of processes that positively impact the local economy, not only through energy 

generation but also through the production of high quality organic fertilizer. The biogas plant is 

appropriate for the technical conditions and economic possibilities of developing nations. The 

largest quantity of reported biogas installations is in Asia. India has successfully installed over 

two million household biogas facilities and dozens of community plants where gas reaches each 

home through gas pipes.  

Biogas production by means of anaerobic fermentation produces several benefits for rural 

populations and for the environment. A biogas plant produces the following benefits: green 

energy production, bio-fertilizer generation, hygienic condition improvement by managing black 

waters and manure, environmentally beneficial, easily scalable, and requires minimum 

maintenance and minimal technical training for operation. Across the world there are several 

examples of untreated wastewater contaminating surface waters, producing dead zones in the 

ocean, polluting recreational water bodies and destroying aquatic life. Anaerobic digestion 

eliminates bad odors caused by decomposition of organic matter and prevents untreated organic 

matter from reaching nearby water bodies (Sener).  

3.2.  Energy Storage Options 
 

Currently there is a global challenge to provide energy storage options for off-grid and grid 

energy technologies that do not require the use of batteries.  
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4.2.1. Storing off-grid renewable energy using batteries 

The use of batteries to store energy has been one of the eldest forms to accumulate 

electricity through electrochemical cells. Although batteries possess some benefits in the 

application of energy storage from renewable sources, they negatively impact the environment as 

they contain toxic materials and a short cycle life. Lead acid batteries, which are among one of 

the most widely used for their power quality, suffer from a short life cycle in the range of 500 – 

1000 charge cycles (Chen, Cong and Yang). This leads to additional environmental pollution 

when batteries are not properly disposed of.  Aside from the high cost of batteries, they are not 

ideal for energy storage for a community based scale because of their low energy densities, small 

power capacities and high maintenance costs. Hence, the biggest challenge for the evolution of 

renewable energy lies in procuring effective energy storage solutions that do not rely on 

batteries. 

 

4.2.2. Alternate Energy Storage methods 

Future research is needed to produce cost-effective, efficient and alternative methods for storing 

excess energy. Pumped Hydro Storage (PHS), Compressed Air Energy Storage (CAES) and 

Electrolysis are examples of alternate methods for storing energy.  

4.2.2.1 Pumped Hydro Storage 
 

PHS is one the most mature energy storage technologies and is widely used around the 

world. There are currently 270 pumped storage plants that account for a combined generating 

capacity of over 127,000 megawatts (Manwaring, Mursch and Tilford). The PHS system consists 

of two reservoirs that store water at different elevations creating a potential energy difference. 

Initially, water at the lower reservoir is raised by using off-peak electricity to run a pump. Once 
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water is stored in the elevated reservoir, it can be discharged as required to drive a water turbine 

similar to the ones in hydro-electric dams. Accounting for the evaporation and conversion losses, 

roughly about 71% -81% of the electrical energy used to pump the water can be regained (Chen, 

Cong and Yang). Figure 3 shows a typical pumped hydro storage plant arrangement. 

 
Figure 3: Pumped Hydro Storage Arrangement (Chen, Cong and Yang) 

 

4.2.2.2. Compressed Air Energy Storage (CAES) 
 

Compressed air energy systems are another viable option for the storage and distribution 

of electricity. The CAES can be separated into two groupings: large and small scale. Large scale 

CAES is a tested and proven technology that can have tremendous storage capacity of up to 100 

MW (Chen, Cong and Yang). During off peak-electricity demands, the power is used to run a 

compressor which intakes atmospheric air, compresses it and stores it underground. Large scale 

CAES requires hard rock caverns, salt caverns or deep aquifers as air holding chambers (Zhang, 

Ahmari and Sternberg). Once there is an energy demand, the compressed air is then drawn and 

expanded through a high pressure turbine which captures a portion of the energy from the 
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compressed air. Low pressure air is then mixed with fuel and combusted while the exhaust is 

expanded using a low pressure turbine. Both turbines produce electricity and maximize 

efficiency. Figure 4 presents a diagram of a typical large-scale CAES system. In contrast, the 

small scale CAES  utilizes reduced sized storage units which can be in the form of flexible bags 

underwater, steel tanks above or below ground surface and pipelines above or below ground 

surface, which are flexible and can be used at different locations (Zhang, Ahmari and Sternberg). 

 
Figure 4: Large Scale CAES diagram (Chen, Cong and Yang) 

 

3.3. Renewable Energy Data Acquisition 
 

In order to obtain data regarding the power generation capability of integrated renewable 

energy sources, we are relying on a past prototype produced by FIU engineering students: a 

Green Energy Unit which is an off-grid portable and self-contained renewable energy system. 

This system combines solar and wind energy and houses all the electric components necessary 

for energy conversion and transmission. By taking advantage of a system built at the FIU 

facilities, we are putting previous students’ work to use and building from their efforts, so that 
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these great ideas do not simply get stored away, but become functional pieces to assist future 

learning. Figure 5 shows the already developed Green Energy Unit.  

 

 

Figure 5: Green Energy Unit (Reyes, Alvarez and Garcia) 

The purpose of acquiring data from solar power is to account for real efficiencies in energy 

calculations and not depend on theoretical efficiencies given by various PV manufacturers. 

Furthermore, we were interested in obtaining quantitative information on the solar potential of 

tropical regions with variable weather patterns such as South Florida. The data acquisition 

system Figure 6 is composed of two batteries, a charge controller, an inverter, and a MATE 3 

which performs continuous data logging of the system’s performance. 
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Figure 6. Solar Data Acquisition System 

 

3.4. Social Impact: Cellphone charging station 
  

While gathering power data from the mobile energy unit, we also provide a positive 

outreach to the students at the FIU Engineering Center and promote renewable energy usage. We 

installed the portable green energy unit by the gazebos located by the Solar House on the East 

side of the Engineering campus. The energy unit is connected to an inverter which transforms the 

DC current into AC to power a cellphone/laptop charging station Figure 7. The benefits of 

providing this service to FIU students and faculty members are detailed in Table 1: Cell Phone 

Charging Station Benefits Table 1.  

Breaker Box 

Charge Controller 

Inverter 

MATE 3 

Batteries 
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Figure 7: Cell Phone Charging Station 

Table 1: Cell Phone Charging Station Benefits 

Benefits of Cell-Phone Charging Station 

 Encourages outdoor socialization 

 Takes advantage on an under-utilized space 

 Creates awareness about renewable energy 

 Promotes future development of recreational outdoor areas 

 Provides year-round monitoring of energy generation capacity 

 Promotes green-energy and campus sustainability efforts 

 Motivates students to actively engage in on-campus projects 

 

3.5. Renewable Energy Integration Analysis: Mobile Energy Unit 
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The design team is presently collaborating with IEEE to identify the electrical components 

needed to transform the various renewable energy forms into one main electrical supply line.  

3.5.1.  Tabulated Components of Mobile Energy Unit 
 

Table 2 shows all the necessary components used in order to operate the mobile energy 

unit at its optimum level. Most of the parts that will be used in the mobile unit will be carried 

over from a previous student’s project as well as the addition of new components. Testing of the 

old batteries used on the unit revealed that the batteries were not holding a charge and therefore a 

set of four new batteries were ordered along with some cables and a 60 amp circuit breaker. 

Table 2. Mobile energy unit components 

Item  Qty 

3000 Watt Sine Wave Inverter 1 

80 Amp Solar Charge Controller 1 

Evergreen Solar Panels 210 W 2 

12V Batteries- 210 AH 4 

Wind Turbine 1 

60 Amp Circuit breaker 2 

250 Amp Circuit Breaker 1 

8/0 AWG Component Cables 8 

2/0 AWG Battery to Battery cables 4 

Circuit Breaker Box 1 

Mate LCD Data logger  1 

 

3.5.2.  Electrical Schematic Diagram of Mobile Energy Unit 

In this electric schematic diagram we are going to have the 420 W solar array run in 

series with a 60 amp circuit breaker which will protect the charge controller from any damage. 

Coming out of the charge controller one more 60 amp circuit breaker will be placed in series and 

this breaker’s sole purpose is to protect the batteries. The batteries were set up in series, putting 
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out a total of 24 volts direct current and 105 amp hours. Furthermore, the circuit was supplied 

with an inverter to change the battery voltage from direct current to alternating current. This 

alternating current will have the capabilities of charging mobile phone as well as lap tops. Figure 

8 shows the tentative schematic of the electrical diagram. 

 

Figure 8: Solar connection electrical diagram 

3.5.3 Field Testing 
 

The solar energy unit was fully equipped with all the components and ready to gather real 

time data with MATE 3 data logger. The date of installation was on March 27, 2014 and a 

complete two weeks of data was acquired.  Overall, the data gathered showed the 420 W solar 

panel array was producing an average of 1.2 kW-hr of energy per day. Figure 9 shows the daily 

energy output in one hour increments. The photovoltaic panels (PV) show a slightly larger value 

than the charger controller, this variation is attributed to electrical losses, from the components in 
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the system, which do not exceed 1 %. A maximum amount of energy can be noted at 1:00 pm in 

the afternoon with a value of 197.44 W-hr. 

 

 
Figure 9: Daily Energy Generation in hour increments 

A more extensive data collection was achieved from the dates of March 27, 2014 through April 

9, 2014. The data gathered in this 14 day period is of more value because we can achieve a 

realistic energy generation from the standpoint of the south Florida tropical region. As more time 

and data is gathered from the solar panel array system, more accurate data will enable assessment 

of the potential for energy generation by solar panels in other tropical regions. In Figure 10 data 

shows maximum values 29
th

 and the 31
st
 of March ranging around 1200 W-hr. An average of 

1500 W-hr was calculated for the 14 day period and a total of 30000 W-hr for the month can be 

assumed. 
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Figure 10: Bi-weekly energy generation 

3.5.3.1. Modeled Sustainable Community 

To assess viability of solar panels can be for a community in tropic regions, we 

researched the average electrical needs for a standard 5 person family home in an 

underdeveloped nation. Some of the basic components are lights, small fridge, and fans, to name 

a few. Table 3 shows the daily energy requirements for the home as well as the monthly 

requirements. 

Table 3: List of components and electrical needs for 5 person home. 

Family unit  - All loads are VAC 

Appliance Load[W] Hrs/day Qty kWh/day kWh/month 

CFL Light bulb  18 4 3 0.22 6.5 

Stereo 40 3 1 0.12 3.6 

Cell Phone 4 5 1 0.02 0.6 

Small Fan 40 3 2 0.24 7.2 

Small Fridge (6 c.f) 80 6 1 0.48 14.4 

19 '' TV  45 2 1 0.09 2.7 

Washer Machine      100.00   1  0.4 

TOTAL    1.17 35.4 

TOTAL( 10 Homes)    11.66 353.8 
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With the data acquired for the 14 day period, a plot was generated to compare daily energy needs 

of a 5 person home to the daily generation of the 420 W solar arrays Figure 11. The 420 W PV 

array is able to generate about 88 % of the electrical needs of the modeled 5 person home.  The 

other 12 % of the energy required can be supplemented by other green energy sources such as 

hydro or wind power.  

 
Figure 11: Solar energy comparison 

 

Figure 11 shows a modeled community in bundles of 10 homes per cluster. Knowing that one 

home requires 35.38 kW-hr per month, multiplying by a factor of 10 will yield the energy 

requirements for 10 homes in the community.  Each home can be equipped with a 420 PV W 

array to fulfill most the energy requirements. 
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Figure 12: Modeled community composed of 10 homes 

4. Hydro system  
 

Although a community may have access to surface waters and groundwater to meet their 

everyday needs, our technical model includes information regarding an underused water source: 

rain. In an effort to incorporate rain harvesting and rain-water filtration with energy generation, 

we are focusing on a design of a multi-faceted rain-gutter system. This system includes the 

potential installation of a wind turbine on the edge of the roof as well as a pico-hydro turbine on 

the downspout of the gutter system. The rain water is then collected and filtered, assuring 

drinking quality standards. Despite global efforts to improve access to clean drinking water for 

all humanity, water and sanitation continue to be major issues, particularly in regions of poverty.  

4.1.  Literature Survey: The Uganda Case Study 
 

The lack of access to clean drinking water and adequate sanitation negatively impacts the 

health, productivity and socio-economic growth of communities in developing nations. In 

Uganda, only one third of rural populations have access to adequate sanitation. Although 
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governments are increasing their allocated budget for the water sector, one of the main obstacles 

is water quality. Waterborne illnesses contribute to increased morbidity rates, accounting for 

over 2 million deaths per year worldwide (World Health Organization). Bacterial, viral and 

parasitic pathogens affect water via different mechanisms: contaminated water distribution, 

inadequate rain catching systems, pollution during collection processes, sewage leakage into 

drinking water, environmental pollutant infiltration into pipes and poor drainage. Another major 

contribution to water-related illness is the lack of information diffusion for rural households 

regarding clean water and sanitation conditions. This information inadequacy is also directly 

linked to the lack of rural electrification. (Baguma, Aljunid and Hashim). 

Water supply, water management, an effective sanitation plan and access to information 

sources are key components in the fight to improve water access and quality for rural 

communities. A capacity-building component with emphasis on rain harvesting usage 

instructions, information on waterborne illness prevention and promotion of active communal 

participation improve rural domestic water management (Baguma, Aljunid and Hashim). 

Although Uganda is well on its way to the MDG target for clean water illustrated in  Figure 133, 

it has been unable to meet the MDG target for basic sanitation. A focus on the shortage of local 

technical personnel and information dissemination are key components for sanitation and 

hygiene improvement.  
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Figure 13: Water and Sanitation Improvements in Uganda. Source: WHO/UNICEF Joint Monitoring Programme 2012 

 

4.2. Rain Harvesting 
 

Reusing rainwater helps preserve one of the planet’s most valuable resources, water. 

Urban and rural runoff flows into bodies of water, picking up debris and contaminants in its path 

and threatening aquatic ecosystems and even our own water supply. Rain catchment begins with 

systems to keep rain as clean as possible through gutters, downspouts and filters. Rain can be 

collected for household use in rain barrels or diverted through bioswales (swaled drainage 

courses that remove pollutants from surface runoff) into a communal reservoir. 

 

 

 



 
 29 

 

 

Figure 14: Rain Harvesting Diagram Source: (Zhe) 

4.2.1. Rain Harvesting Analysis 
 

The amount of water that can be harvested from roof tops depends on the area of the roof, 

the rainfall depth, and the runoff coefficient that depends on the material of the roof. The volume 

of rainwater that can be harvested per household per month is determined by the following 

equation: 

  
      

    
 

Where: 

V monthly volume of rainwater per household (in cubic meters) 

H monthly rainfall depth (in millimeters) 

AR household roof area (in square meters) 

C runoff coefficient (unitless) 

 

This information is used to design the storage capacity, and the overflow discharge if necessary. 
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5.2.2.1 Rain Harvesting system components 
 

A typical domestic rainwater harvesting systems consists of three components: a catchment 

(roofs), a runoff delivery system and a storage tank. 

Catchment 

 

The catchment has to be impermeable and cannot seriously contaminate the water. Roofs 

of houses are the most common and effective type of catchment used for harvesting rainwater. 

The most important factors for a roof to be effective are the area, the slope and the material. The 

roof has to have sufficient surface area and slope to direct water to the runoff delivery system. It 

is preferable if the material used in construction is smooth, clean and impervious. 

Runoff delivery system 

 

The runoff delivery system usually consists of gutters and downpipes that deliver 

rainwater from the catchment area to the storage tank. When designing the piping system, the 

amount of runoff available plays a most important role, the system has to be able to satisfactorily 

deliver the harvested water. 

Storage tank 

The harvested rainwater is ultimately stored in a storage tank. It is essential to design and 

construct the storage tank effectively. The tank can be built into the house, or it can be built as an 

individual component located away from the house. The most common materials used in the 

construction are cement-brick, metal, plain-cement concrete, and reinforced-cement concrete. 

 

4.3. Gutter-Integrated Wind Turbine 

As a design goal, together with another senior design team composed of Yunior Licea, Yoel 

Tanquero and Marcos Balmaseda, we aimed to explore options for a lightweight wind energy 
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mechanism that could easily be mounted on existing structures. Before obtaining a final design, 

several options had to be taken into consideration.  

4.3.1. Conceptual Design of Wind Turbine 
 

Quantitative and qualitative variables must be taken into consideration when designing a 

system that harnesses wind energy. There are two basic types of wind turbines: horizontal axis 

wind turbines (HAWT) and vertical axis wind turbines (VAWT). From these two general 

classifications, several designs exist in the market in all ranges of sizes and shapes. In order to 

design a functional wind turbine for our purposes, we developed the design criteria detailed in 

Table 4. 

Table 4: Wind Turbine Design Parameters 

Design Parameters 

Operates safely within wide range of wind speeds 

Ability to be retrofitted to existing infrastructure 

Low initial cost & low maintenance cost 

Does not endanger wildlife 

Withstands daily and rare extreme loads 

Aesthetically appealing 

Ability to be integrated into a gutter system 

Economically feasible for developing nations 

Long service life 

Efficiency in capturing wind energy at low speeds 

Quiet 
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Small, or mini, wind turbines are preferable for both residential and community-based 

renewable energy production. They have several benefits in terms of having a smaller operating 

footprint, and possessing the ability to operate at low wind speeds, below 10 miles per hour, as 

opposed to conventional wind turbines. Another convenience is the ability to install mini wind 

turbines on existing roofing systems, balconies or terraces. Small wind turbines utilize a 

generator that can work under any weather conditions to easily charge a 12 V battery or another 

type of energy storage mechanism.   

A possible existing design for a wind turbine that fulfills most of our design parameters is 

the Savonius turbine. The Savonius turbine, initially invented in 1922 by Sigurd Johannes 

Savonius (McNiven), is a VAWT shaped like an S, Figure 15. Although this type of turbine has 

a very low rotational speed, it yields an impressively high torque, which makes it useful for 

mechanical energy production such as grinding grains or pumping water.  

 

Figure 15: Savonius Wind Turbine Source: McNiven 

 

The Helix wind turbine, produced by Sauer Energy Inc. is based on the Savonius design. 

It is a simple turbine design that harnesses small wind for residential and commercial settings. 

Benefits of this turbine include the ability to spin regardless of wind direction. This means that it 
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can be mounted at lower heights, harnessing energy in turbulent flow conditions and also 

reducing associated installation costs.  

 

 Helical wind turbines are especially interesting for residential usage. The appearance of 

helical wind turbines varies from DNA looking structures, to drill bit shaped, to a variety of 

spiral designs that catch the wind while rotating and generating electricity. This type of wind 

turbine, aside from having the ability to be mounted lower to the ground on roofing structures for 

instance, can also harness a wide range of wind speeds. Another difference between traditional 

wind turbines and helical ones is that the latter do not possess serious risks for birds since they 

have a lower blade sweep area and are closer to the ground.  

4.3.2. Helical Wind Turbine power Analysis  
 

 The power of wind turbines is mainly dependent on three factors: the amount of air 

(volume), the speed of air (velocity), and the mass of air (density) flowing through an area which 

can be referred to as “flux”. The following formulas are used to assess power generation 

capability of a wind turbine: 

 From the definition of kinetic energy we have: 

21

2
KE mv  

Also, taking the energy per unit time gives power: 

21

2
P mv  

Noting that the flux is the amount of mass per unit time flowing through an area, 
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dm
m

dt
  

 

Figure 16: Mass flux through an Area Source: MIT, Wind Energy 

From fluid dynamics we know that the mass rate is the product of density, area, and velocity. 

m Av  

Combining the power equation with the mass flow rate given by fluid dynamics, we attain the 

following power equation: 

31

2
P Av  

Where A is the cross-sectional area perpendicular to the flow of air  

This equation shows that the power generated by a wind turbine is directly proportionate to the 

cube of velocity, air density, and the swept area. 

Further analytical investigation for the helical wind turbine is the assessment of the 

efficiency. This can be done by obtaining the power coefficient, which measures how efficiently 

the wind turbine converts wind energy into electricity. The power coefficient by definition is the 

ratio of electricity produced by the wind turbine to the total energy available in the wind. 

T
p

W

P
C

P
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With the power coefficient, the power equation for the wind turbine changes to the following:

31

2
pP C Av  

Now the power equation for the wind turbine is an actual representation of the energy it can 

harness for the production of electricity.  

4.4. Hydro Power System 
 

Mini, micro and pico-hydro power has caused a positive impact to communities in remote 

parts of the world. Small-scale micro hydro power is both an efficient and reliable form of 

energy. It is particularly useful for the case of decentralized energy supply, in areas containing 

elevations and continuously flowing streams. Micro hydro plants are defined as having a 

capacity between 10kW and 200 kW and have demonstrated to be a successful source of 

electricity in countries such as Sri Lanka, Peru, Nepal, Zimbabwe, Mozambique (Khennas and 

Barnett).  

4.4.1. Conceptual Design of Hydro Turbine 
 

One of our objectives was to design a unique water turbine able to produce electrical energy 

from flowing water. The design of this turbine relies heavily on two main characteristics of the 

water: pressure and flow rate. The pressure exerted on the turbine blades follows a linear 

relationship with the head elevation. The flow rate obtained at the outlet of the runner is a 

function of water volume, runner and nozzle diameters. As a matter of fact, the turbine selection 

process should start with an extensive study of the pressure and flow rate available at the water 

site. From there, three different types of turbines can be selected: impulse, reaction or impulse-

reaction.  
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A high elevation water site provides the necessary water pressure to operate impulse turbines. 

An impulse turbine converts the momentum of the impacting jet of water into rotational kinetic 

energy. A high flow water site provides the necessary torque to operate reaction turbines. The 

blades of the turbine rotate due to the change in pressure in the water flow field. Here is an 

overview of some of the most commonly used turbines:  

Impulse turbine 

 Pelton/Turgo wheel: the design of the turbine’s blades follows the same geometry as 

standard paddles. In this way, the maximum amount of energy is extracted by making use 

of the water jet, which impacts the blades at a high velocity.  

Reaction turbines  

 Kaplan propeller turbine: the design of the turbine’s blades allows for power to be 

extracted from hydrostatic head and rotational energy of the water.  

 Francis radial flow turbine: the design of this turbine is conceptually similar to the 

propeller turbine, however a wider range of head elevations is covered.  

With a broader understanding of hydro turbines, the next step is to evaluate and compare 

their usefulness. In their research, Williamson, Stark and Booker drew a comparison between 

efficiency vs. head for diverse turbine configuration,  Figure 17. 
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Figure 17: Efficiency vs. head for water wheel turbines (Williamson, Stark and Booker) 

 

From Figure 17, the Pelton single jet wheel represents the most viable design for high head and 

low flow scenarios with an efficiency varying between 80-90%. Also, it is important to note that 

the multiple-jets arrangements for this design reduce the power density at low heads. For a 

smoother operation of the Pelton turbine, the designer needs to diffuse problems associated with 

low speeds and runner size. In fact, those two parameters have an impact on power density and 

portability. (Williamson, Stark and Booker).  

4.4.2. Proposed Design of Hydro Turbine 
 

The Pelton turbine represents the basis of design for our Pico Hydro system. This turbine 

would be installed inside the downspout of a rain collection system or in a flowing body of 

water. The initial selection of the location for the water wheel in a downspout rain system is 
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based on the geologic constraints of Florida. In locations with flowing rivers and high elevation, 

the water turbine would more suitably capture the continuous energy from the stream.  

 

Figure 18: Overview of a Pelton Wheel system (Shannon) 

 

Figure 19: Detailed view of a Pelton turbine 

(Shannon) 

The double buckets of the runner allow for the incoming jet of water within the pipe to be 

split in half: in this way, the water imparts a higher impulse to the runners before escaping at a 

lower velocity. Figure 18 and Figure 19 show two different illustrations which highlight the 

basic working principles for the turbine:  

4.4.3.  Hydro turbine analysis 
 

The following subsections describe the design analysis process for the pico-hydro component.  

4.4.3.1.  Nomenclature 
 
Table 5: Nomenclature for hydro turbine 

Description Symbols Units 

Absolute velocity of water jet    m*s
-1

 

Approximate number of buckets  z null 

Bucket depth T m 

Bucket height Hn m 

Bucket width b m 

Coefficient ku null 

Density of water  ρ kg*m
-3

 

Efficiency η % 
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Gravitational constant g m*s
-2

 

Net head Hn m 

Nozzle coefficient kc null 

Offset of bucket k null 

Optimal jet diameter d m 

Optimal peripheral velocity (at the pitch circle diameter) u1 m*s
-1

 

Outside diameter of runner Da m 

Power output  P kW 

Rotational Speed of driven machine     min
-1

 

Transmission ratio (RPM of driven/ RPM of turbine) I null 

Water discharge Q m
3
*s-1 

Width of bucket opening a m 

4.4.3.2. Design Process  
 

The Pelton turbine needed to be integrated within a specific rain collection system. This 

design section will cover all the aspects necessary for the implementation of the turbine in this 

system. As such a systematic and detailed approach will be used starting with the flow rate 

derivation, then power estimation before concluding with the computation of the nozzle and 

turbine parameters.  For this exercise, the various assumptions, formulas and analytical tools 

were derived from Micro Pelton Turbines by Markus Eisenring, MHPG Series Volume 9, 

published by SKAT, 1997. To ensure consistency, the unit system of use would be metric, unless 

otherwise specified.   

Flow rate derivation 

The rain water flows from the rooftop to the turbine unit through a combination of gutter 

and downspout system. For our purpose, the flow rate of water available within the downspout 

pipe needs to be ascertained.  The average rain fall precipitation in Miami for an hour period 

equals to 114.3 mm. (Florida Building Code Plumbing). From there, the flow rate will be 

determined by multiplying this number with the effective area of the house. The flow rate 

computation is as follow:          (
  

 
)           (

 

 
)                      
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To find the effective area for the catchment bay which will be installed on the roof, the same 

concept outlined in the figure below will be applied. Once this is done, the flow rate through the 

pipe could be derived by selecting a pipe suitable for this application. At the same time, the 

velocity of the flowing water will be derived. 

 

Figure 20: Conventional building effective area (More 

Complex Gutter Design) 

Description Symbol Unit 

Roof length L m 

Eaves to ridge width   m 

Eaves to ridge height H m 

 

 

Basic Power Estimation 

Two parameters are required to determine the output power from the Pelton turbine: flow rate 

and head elevation. The flow rate can be found by performing simple volume and time 

measurements of flowing water inside of a bucket. Also, a figure of 10 gpm is standard for 

household garden hose. . The head elevation is found by converting the household pressure of 45 

Psi into a height value with units of feet as such: 

          
              

  
   

 

                          
  
   

 
 

The specific weight of water: 62.42 pounds per cubic foot, while the net pressure corresponds to 

the household pressure of 45 psi or 6840 pounds per square foot. Therefore, the head elevation 

for this system is approximately 110 feet. As a matter of fact, the power can be computed: 
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Generator sizing  

From the power output equation, above, the suitable generator can be selected. Setting this value 

of the power as the lower limit of our generator rating avoids future issues related to overheating. 

For an application of this size, the team explores cheap options for the generator; one option 

being to reconvert a DC motor to function as a generator. (William Bolon et al.) This can be 

achieved because of the permanent magnet inside of the DC motor.  

 

Nozzle parameters  

 

Figure 21: Design of the nozzle (Eisenring) 

Description Symbols Units 

Absolute velocity of 

water jet 
c1 ft*s^-1 

Optimal jet diameter d in 

Optimal peripheral 

velocity (at the pitch 

circle diameter) 

u1 ft*s^-1 

Pitch circle diameter D in 
 

 

This marks the beginning of our hydro system dimensioning. The optimal diameter of the 

jet of water needs to be derived from the section. For that, the absolute velocity of the water jet 

needs to be specified using: 

     √      , 

where kc depends on the pipe’s Reynolds number and the diameter ratio between the nozzle and 

the pipe (typically between 0.95 – 0.98).  

Then, the optimal diameter can be computed from: 
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  √
  

   
 

The peripheral velocity of the Pelton turbine can be derived. This corresponds to the velocity of 

the water after the water escapes the buckets  

     √      , 

where ku depends on the rotational speed of the turbine and the power output (typically between 

0.45 and 0.49 for standard turbines).  

As such, the pitch circle diameter (PCD) can be derived. This corresponds to a theoretical circle, 

drawn along the bucket, which is tangent to the jet of water. PCD is the diameter of the rotor. 

  
       

  
 

Where   depends on the expected rotational speed from the generator. For the purpose of this 

exercise    , which means a 1:1 transmission ratio exists between the turbine and the 

generator. 

 

Turbine parameters 
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Figure 22: Design of the runners (Eisenring) 

Description Symbol Unit 

Bucket width b in 

Bucket height    in 

Bucket cavity length    in 

Bucket center distance from tip    in 

Bucket depth t in 

Width of bucket opening a in 

Outside diameter of runner    in 

Optimal jet diameter d in 

Offset of bucket k null 

Approximate number of buckets  z null 
 

 

Once the nozzle parameters have been defined, the turbine specifications become relatively easy 

to derive. Below is a list of formulas needed to obtain the geometry of the turbine:  

 Approximate number of buckets:  
  

   
 

 Bucket Depth:         

 Width of Bucket opening:         

 Outside diameter of the runner:            

The parameters below depend upon the value of the jet diameter:  

 Bucket Width:                   

o Example: if d= 17.9 mm, then           

 Bucket Height:                  

 Bucket Cavity Length:                   

 Bucket Center distance from tip:                    

 Offset of Bucket:                   

Additional Considerations 
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The final design of this system needs to include several additional parts which are not considered 

as of now. As the project moves forward, the team should have a better understanding of the 

requirements and calculations necessary to integrate those parts in the system: 

 Housing: hosts the turbine runners, provides the inlet for the nozzle and outputs the 

collected water (after impact) towards the next component of the rain collection system. 

 Shafts, support, bearings, nuts and bolts: represent the basis for the rotational motion of 

the turbine and the generator. They would be specified accordingly, to provide a smooth 

operation of the overall system.  

 Voltage regulator: Rectifies the variable incoming voltage from the generator to a steady 

voltage which could be used for charging a battery or powering a load (device).  

4.4.4. Structural design 

From the previous section, a datasheet was developed which represents the basis for our hydro 

system design and component selection: 

Description Symbols Value Units 

Absolute velocity of water jet    77.65 ft*s
-1

 

Approximate number of buckets  Z 12 null 

Bucket depth T 0.478 in 

Bucket height Hn 1.435 in 

Bucket width B 1.701 in 

Coefficient Ku 0.45 null 

Density of water  Ρ 1.940 slugs*ft
-3

 

Efficiency Η 1 % 

Gravitational constant G 32.17 ft*s
-2

 

Net head Hn 109 ft 

Nozzle coefficient Kc 0.96 null 

Offset of bucket K 0.402 null 

Optimal jet diameter D 0.266 in 

Optimal peripheral velocity u1 39.06 ft*s
-1

 

Outside diameter of runner Da 3.5 in 
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Power output  P 0.15 hp 

Rotational Speed of driven machine     2,000 min
-1

 

Transmission ratio (RPM of driven/ 

RPM of turbine) 

I 1 null 

Water discharge Q 0.0006 ft
3
*s-1 

Width of bucket opening A 0.638 in 

 

In order for the reader to understand the role of the different components in the hydro system, a 

detail description was provided for each of the following: Pelton turbine, generator, pressure 

regulator, nozzle, pipe layout, coupler, frame and electronics.  

Pelton Turbine 

Version 1.0 

This is the first Solidworks design of the Pelton turbine. The water wheel shows five blades 

which are fastened on the disk by a set of screw and nut. The design requirements for this turbine 

were retrieved by inputting the rainfall rate and the head elevation of a specific mobile energy 

unit. However, the team decided to move away from rainfall filtration and a standard garden 

hose was considered instead to become the source of incoming water.  

 

Figure 23. Pelton turbine version 1.0 
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Version 2.0 

As such, the revised version of the Pelton turbine needed to account for the new parameters. The 

datasheet above pertains to this version. The new design was done as simple as possible within 

accuracy limits regarding manufacturing. Also this version contains little to no metal parts; the 

idea is to fix the paddles directly on the rotor with the use of epoxy glue. Obviously, this version 

is not yet complete. On version 2.1, modifications should be expected on the disk shape and also 

the necessary accommodations should be provided for the power transmission mechanism.  

 

Figure 24. Pelton design Version 2.0 

Two samples were printed in different orientations to determine the best printing technique.  

From the picture below, it is obvious to the reader that the paddle on the left (A) presents a less 

refined surface as compared to the paddle on the right (B). Obviously, the team agreed to keep 

printing the rest of the paddles in the same fashion as paddle B. The printing time was roughly 

thirty minutes for this prototype which means printing the twelve paddles require six hours.  
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Figure 25. Sample paddle 

 

Version 2.1 

As discussed above, few changes needed to be implemented for the rotor's structure to fully 

support the paddles. This design reduced the risk of the paddles rocking out its support. Two 

thin rings are going to be fixed on both sides of the rotor, which should fix the paddles in 

place.  

Also, the connection between the turbine’s wheel and generator shaft was revisited. The 

brittleness of the plastic asked for an avoidance of any drilling exercise. Thus, a different 

type of coupler was used to bond the turbine and the generator. The rotor was redesigned 

with a 5/16 in shaft which has a base of 3/8 in. This two step shaft facilitated torque 

distribution better than a single protruding 5/16 in shaft. The shaft from this turbine connects 

to the generator shaft that has also a diameter of 5/16 in. Figure 26 shows the new design of 

the Pelton turbine.  
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Figure 26: Pelton turbine design Version 2.1 

A section of the disk was printed to verify the connection between the paddle and the rotor. 

This section will also be useful to test the connection between the coupler- generator-turbine. 

Initially, there was some difficulty to slide the paddle into place. The designs of the complete 

prototype will account for this, by allowing enough tolerances between the parts.  

 

 

Figure 27 Disk section 
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Stress Analysis 

The simulation of the Pelton turbine was performed using Solidworks 2013 Simulation package. 

Two different analyses were performed. As the database missed information regarding PLA, the 

information was retrieved from a prospector materials database website (IDES.com) which 

provides extensive information regarding a vast array of material. The tables below list the units 

and the mechanical properties assigned to the parts.  

Units 

Unit system: English (IPS) 

Length/Displacement In 

Temperature Fahrenheit 

Angular velocity Hertz 

Pressure/Stress Psi 
 

Material Properties 

Model 1 

Disk 

Model 2 

Paddle 
Properties 

  

Name: PLA 

Model type: Linear Elastic 

Isotropic 

Default failure 

criterion: 
Max von Mises 

Stress 

Yield strength: 8840 psi 

Tensile strength: 4351.13 psi 

Elastic modulus: 290075 psi 

Poisson's ratio: 0.394   

Mass density: 0.0368498 lb/in^3 

Shear modulus: 46252.5 psi 
 

 

 

 

Model 1 – Paddle 
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This part receives the incoming water pressure from the household. The nozzle directs the flow 

onto the splitter of the paddle. In the analysis, the paddle is simulated to be fixed at the back. The 

pressure of 45 PSI is only applied to a 0.25 in diameter area on the splitter as illustrated below.  

 

Table 6 Loads and fixtures for Paddle 

Loads and Fixtures 

Fixture name Fixture Image Fixture Details 

Fixed-1 

 

Entities: 2 face(s) 

Type: Fixed Geometry 
 

 

Load name Load Image Load Details 

Pressure-1 

 

Entities: 1 face(s) 

Reference: Edge< 1 > 

Type: Along Edge 

Value: 45 

Units: Psi 
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Study Results 

 

Name Type Min Max 

Stress1 VON: von Mises Stress 0.00386336 psi 

Node: 155 

670.424 psi 

Node: 11796 

 
Figure 28 Von misses Stresses of Paddle 
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Name Type Min Max 

Factor of Safety1 Automatic 13.1857  

Node: 11796 

2.28816e+006  

Node: 155 

 
Figure 29 Factor of Safety for Paddle 

 

 

 

Model 2 – Disk 

As this part hosts the twelve paddles it represents the most critical components of the turbine. 

The disk is subjected to rotations averaging 2500 rpm. This causes an effective maximum torque 

of 4.8 lbf*in. A design factor of 2 is utilized. The shaft of the disk is fixed to stimulate the 

scenario of the first few RPMs.   
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Table 7 Loads and fixtures for Disk 

 

Fixture 

name 

Fixture Image Fixture Details 

Fixed-1 

 

Entities: 1 face(s) 

Type: Fixed Geometry 
 

Resultant Forces 

  

 

Load 

name 

Load Image Load Details 

Torque-1 

 

Entities: 1 face(s) 

Type: Apply torque 

Value: 9.6 lbf·in 
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Study Results 

 

Name Type Min Max 

Stress1 VON: von Mises 

Stress 

0.00250886 psi 

Node: 6357 

641.513 psi 

Node: 6339 

 
Figure 30 Von misses Stresses for Disk 

 

 

Name Type Min Max 

Factor of Safety1 Automatic 13.7799  

Node: 6339 

3.52351e+006  

Node: 6357 
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Figure 31 Factor of Safety for Disk 
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Assembly 

The figure below shows the interconnection between the different components of the hydro 

system.  

 
Figure 32:  Isometric view of the hydro system 

 

Generator 

A 12 V DC automotive blower motor for a Chevrolet car was used as the generator. This motor 

is rated to an operational power of 120 W (0.2 Hp) and rotations up to averaging 2,500 rpm. For 

this application, the size and technical capabilities of this motor fit the requirements. A motor 

reconverted as a generator is generally inefficient and require the same amount of rotations to 

achieve the rated voltage (12 V). For this project, a voltage output between 10 – 12 V with a 

current capacity of 5-6 A would suffice to run our loads. The motor main physical characteristics 

are as follow:  

 overall body length: 4-7/8 in 

 body diameter of 3-1/4 in 
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 shaft diameter of 5/16 in 

 shaft length: 1-3/16 in 

Pressure Regulator 

This component reduces or augments the incoming pressure according to the user’s 

specifications. This allows the testing of the mechanism for different pressures. Those pressures 

can then be translated into head elevations. At the end, power vs. elevation curves could be 

drawn from this hydro system. The main features of the pressure regulator are listed below:  

 Dial is calibrated in 10 psi increments for accurate adjustment of outlet pressure.  

 High pressure (400 psi) inlet rating 

 Threaded 3/4 in. Pressure Regulating Valve with double-union 

 Outlet Pressure Adjustment Range (psi): 15-90 psi 

 Dimensions: 5-1/4 in. high x 5-3/16 in. long 

Nozzle 

This part is purchased from a local Home Depot store. It is an orbit sweeper nozzle intended to 

high impact sweeping spray application such as washing walkways, driveways and siding. The 

piece is made from Aluminum which means it is corrosion resistant. The main physical 

characteristics are as follow:  

 Fitting size: ¾ in 

 Height : 2 in 

Pipe layout 

The piping system is composed of ¾” standard PVC w ith different fixtures affixed throughout 

the path to achieve our intended goals.  A ¾ PVC threaded male adapter is fixed at the inlet of 

the layout to allow connection with the outlet of the pressure regulator. A pressure gauge is also 
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connected with the layout to ensure that the pressure adjustments on our pressure regulator are 

accurate. At the outlet of the PVC, a nozzle is attached with the use of a 90 degree elbow. 

 

Coupler 

A connection between the generator and turbine shafts is achieved with the use of a one piece 

clamp on rigid shaft coupler purchased from McMaster. This piece is made out of stainless steel 

which is heavier and less corrosion resistant than other couplers considered. However, this 

coupler offers a stronger connection and does not mar the shafts. The main characteristics of the 

coupler are as follow:  

 Hole diameter: 5/16 in 

 Length: 1 3/6 in 

Frame 

This structure is composed of several wooden panels. The parts are glued to each other using 

standard wood glue. The hinged top part and the fixed top part are connected to each other using 

two hinges at the corners.  

 15 x 8.5 in: the back panel 

 15 x 15.5 in:  the bottom support 

 15 x 8 in: a divider between the water side and the component 

 15 x 10 in: fixed top section 

 15 x 6 in: hinged top section 

 2 x 2 in: sections hosting the magnetic catches 

 6 x 2 in: sections hosting the opposite side of the magnets.  
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Electronics 

Three components compose the circuit. The output from the generator is fed to a switch rocker 

which is connected to a bridge rectifier. The switch is a safety mechanism which can allow us 

control over the power transfer scheme. The bridge rectifier is coupled to a 470 micro farads 

capacitor filter to convert the unsteady DC voltage into a more steady voltage. The inverter via a 

cigarette lighter socket (found in automobiles) would take this DC input and reconvert it as a 110 

VAC which could power household devices.  

 

4.4.5. Operational Testing 

Initial experimentation indicated a voltage output of 8V. This voltage is insufficient to run the 

power inverter which is a necessary component for the operation of the system. Adjustments will 

need to be made to the circuit in order to obtain the required voltage, between 11 and 12 volts.   

4.4.6. Preliminary Results 
 

Figure 33 shows the finalized 3D printed water wheel made from PLA plastic. Further testing on 

this prototype water wheel as well as a water wheel printed with recycled plastic will enable us 

to determine the resistance of 3D printed Pelton-turbines under the load of high pressure water.  

For the sake of flexibility, the team decided to print the disk and the paddles as separate entities. 

This would allow an easy replacement of any damaged parts. The assembly is held together with 

the use of an epoxy adhesive (PlasticWeld) which is a fast acting putty recommended for 

thermoplastics. This bonding agent is waterproof and possesses strength of 350 PSI. A test was 

conducted in which similar pieces were glued together and immersed in water for a week; the 

parts were still together sturdily by the glue. The circuitry needed to be tested for efficiency and 

feasibility. Thepower produced from the generator is unsteady DC because of minimal 
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fluctuations in water pressure and the position of the magnet with respect to the windings. 

The generator achieved a voltage lower than expected ~8V which pushed the team to explore 

voltage regulation options. One such device is called a boost DC-DC converter which 

successfully steps up an input voltage into a specified output voltage with a 75 - 90% efficiency. 

After consulting different websites and experts, another option was explored: full wave 

rectification. With the use of a bridge rectifier, the steady voltage output necessary for the 

operation of a power inverter could be achieved.  

 

 

Figure 33: 3D Printed Pelton Turbine 

 

4.4.7. Cost Analysis 

LINE ITEM DESCRIPTION QTY COST PER UNIT ACCUMULATED COST 
 

1 ACRYLIC KNIFE 1 $5.47 $5.47 
 2 ALLIGATOR CONN. BOX 1 $3.47 $3.47 
 3 BALL VALVE 1 $2.39 $2.39 
 4 BRIDGE RECTIFIER 1 $4.80 $4.80 
 5 CAPACITOR 1 $1.99 $1.99 
 6 COUPLER 1 $12.99 $12.99 
 7 DOOR PULL 1 $2.97 $2.97 
 8 GENERATOR 1 $29.00 $29.00 
 9 HANDLES 2 $3.47 $6.94 
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10 HINGE 2 $2.37 $4.74 
 11 MAGNETIC CATCH 2 $0.78 $1.56 
 12 MALE PVC ADAPTERS 2 $0.46 $0.92 
 13 MISC. 1 $25.00 $25.00 
 14 NOZZLE 1 $2.97 $2.97 
 15 PLASTIC GLUE 1 $5.47 $5.47 
 16 PLEXIGLASS SHEET 1 $24.98 $24.98 
 17 PLYWOOD SHEET 1 $13.97 $13.97 
 18 PRESSURE GAUGE 1 $11.68 $11.68 
 19 PVC ELBOW 3 $0.46 $1.38 
 20 PVC PIPE 2 $1.34 $2.68 
 21 PVC TEE 2 $0.46 $0.92 
 22 PVC TUBING 1 $3.93 $3.93 
 23 SWITCH ROCKER 1 $4.29 $4.29 
 24 WASHERS 2 $0.05 $0.10 
 25 WATER REGULATING VALVE 1 $42.00 $42.00 
 26 WIRE SPOOL 1 $10.99 $10.99 
 27 WOOD GLUE 1 $6.87 $6.87 
 

                  

  SUBTOTAL: 
   

$227.60 

  ESTIMATED SHIPPING: 
   

$21.33 

  TOTAL COST:       $248.93 

 

 

4.5. Water Filtration  
 

After rainwater is collected it must undergo a filtration process to make it suitable for human 

consumption. Although rain is one of the cleanest sources of water, it can pick up contaminants 

when it comes in contact with the catchment surface.  

4.5.1. Water filtration Conceptual Design 
 

The initial water filtration design utilizes pressure to purify the rainwater for drinking 

purposes. The gutter captures the water collected from the roof, or catchment surface. Coarse 

screens are placed at the gutter downspout to prevent leaves or large debris from entering 
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collected water. First flush diverters prevent initial contamination to occur. The final steps are a 

pressure pump and a treatment system before delivering water into the home as seen in Figure 

34.  

 
Figure 34: Water catchment and filtration (Biller) 

4.5.2. Water filtration proposed design 
 

The modified design for the drinking water filtration system involves a slow-sand filter. 
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Figure 35: Bio-sand filter Schematic Source: Gomal University 

4.5.3. Water filtration Analysis 
 

Slow sand filtration improves the chemical, physical and bacteriologic quality of water. 

Another word for a slow sand filter is a bio-sand filter because it removes bacteria, viruses and 

parasites by adsorption mechanisms onto the sand. Biological activity develops on the top layer 

of the sand filter; therefore the cleansing of the sand filter involves scraping this top sand layer to 

remove bacterial populations.  

4.5.3.1.  Flow Rate 
 

The flow rate of water through the sand filter is directly proportional to the cross 

sectional area of the sand and the hydraulic loading, or pressure head, above the sand. Other 

properties that affect flow rate include the length of the sand column, and the properties of the 

fluid such as density, viscosity as well as the sand’s characteristics such as porosity and specific 
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yield. These sand characteristics have a direct effect on the sand’s hydraulic conductivity, or the 

capacity of water to pass through a cross-sectional area of the sand as a function of time.   

Henry Darcy formulated a macroscopic, phenomenological law (Darcy’s Law) that 

mathematically describes the one-dimensional flow of fluids through porous media. It derives an 

expression for direct proportionality between the volumetric flow rate of water and the hydraulic 

gradient. The constant of proportionality is the hydraulic conductivity which is a soil property 

that indicates its degree of permeability and depends on the type of soil, porosity and the 

configuration of its voids.  

 

     
  

  
 

Where:  

 

Q: flow rate [L
2
]/[T] 

k: hydraulic conductivity [L]/[T] 

A: cross sectional area perpendicular to flow [L
2
] 

(dh/dL): The hydraulic gradient  

 

An experimental expression of the hydraulic gradient as a function of permeability through 

values of porosity, tortuosity, and grain size of the media was developed as the Kozeny-Carmen 

equation:  

 

  2

3

15
 

6

avdh d

dL g



 

  
  

 
 

Where:  

μ: dynamic viscosity of fluid 
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η: porosity 

d: diameter of grains constituting porous media  

Flow rates through bio-sand filters should be maintained in the range of 0.1-0.4 m
3
/hour. 

Bio-sand filters have been noted to operate as plug-flow reactors (Elliott, Stauber and Koksal), in 

other words all the water parcels moving through the sand travel at the same speed, therefore 

their residence time is uniform. Factors such as pretreatment and post-disinfection stage also 

allow for an increased operation flow rate through the bio-sand filter with no effect on 

bacteriological quality of treated water.  

Virus removal is significantly improved by utilizing finer sand and lower hydraulic loading. 

The best combination has been determined to be 0.17 mm sand with 10 cm head combined with 

a long residence time (Jenkins, Tiwari and Darby). Therefore slower flow rates are preferable 

and particular attention must be placed in selecting sand size and hydraulic loading. The slower 

flow rate provides an increase in pathogen removal capability so that the bacteria are maintained 

in the upper portion of the filter and pathogens do not get carried deeper into the filter. Lower 

flow rates also assure that pathogens, like Cryptosporydium oocysts, are not pushed deeper into 

the bed of sand. The lower flow rates also allow a more effective biofilm to develop at the top 

end of the sand filter. Another benefit of low flow rates is the improvement of the turbidity and 

color removal efficiency of the filter. 

4.5.3.2. Mechanical/Physical Properties  
 

The transportation and attachment mechanisms that are at work in a bio-sand filter allow 

particles to be strained out in a mechanical way.  This means that, aside from the biological 

characteristics of the filter that allow for pathogen and bacterial removal, there are also 
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mechanical properties of the sand itself that remove smaller particles than the smallest pore space 

between sand grains. For instance, a typical sand particle has a diameter between 0.5-1.0 mm yet 

it will remove particles less than 0.01mm (Fewster and Mol). The transport mechanisms include: 

 Interception: Particles come in contact with the sand grains  

 Straining: Larger particles are sieved out 

 Diffusion: Caused by random Brownian movements 

 Sedimentation: Due to gravitational forces 

These mechanisms provide the means for the particles to move to areas in the sand bed where 

they can become trapped. In order to remove the particles from the water they must then become 

attached to the sand grains. The attachment mechanisms take place under forces that are 

comparable to the physical, chemical and molecular forces that occur in coagulation. Adsorption 

of pathogens is affected by pH levels, where lower pH values favor pathogen removal (Fewster 

and Mol). This is beneficial in the case of rain water which has a slightly below neutral pH due 

to the carbonic cycle.  

Sand filters have an enormous surface area available. The surface area As in 1m
3
 of filter sand 

with a porosity ρ and a diameter d is: 

6
(1 )sA

d
   

Which means, for instance that if the porosity of the sand is 40% and the diameter is 0.2mm, the 

surface area is: 

2

6
(1 0.4)

0.0002

18000

s

s

A

A m

 



 

4.5.3.3. Biological Action 
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The objective of slow sand filters is to remove most of the solid particles in the uppermost 

portion of the bed. In this region, the top 0.5-2cm, a bio film develops called the schmutzdecke. 

Under the bio-film layer, there exists a region of biological activity that together with the 

schmutzdecke contribute the overall purification of the raw water. Using a diffuser plate helps to 

disperse the water on the surface of the sand bed so as to not disturb or stress the biofilm’s 

straining effect. The purification of the raw water is mainly attributed to the following (Fewster 

and Mol): 

 Hostile environment: Unsuitable temperature for the multiplication of intestinal bacteria 

 Food competition: The filter bed does not contain enough organic matter to meet the 

nutritional needs of bacterial populations 

 Predation: Predatory organisms such as protozoa which feed on other cells are abundant 

in the upper part of the filter bed. 

 Excretion of poisons: The microorganisms found in a slow sand filter are known to 

excrete poisonous substances that kill intestinal bacteria. 

Through these biological mechanisms the entire organic matter present in the source water is 

slowly broken down and converted into water, CO2 and sine inorganic salts like sulphates, 

nitrates and phosphates that are discharged in the effluent.  

Certain parameters must be maintained in order for the microorganisms responsible for purifying 

the water to survive.  

 The sand filter must be maintained wet. This is accomplished by the design of the filter, 

where the water outlet is placed above the level of the sand.  
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 Food availability: The raw water must supply a certain amount of food for the 

microorganisms to maintain a healthy bio-sand filter. Seeding the filter with biologically 

active raw water ensures that this is accomplished.  

 Oxygen supply: Allowing enough oxygen transfer to maintain the bio-layer is essential 

for the metabolism of the biodegradable components of the raw water.  

 Sufficient contact time for biological and chemical processes in the sand should be 

allowed. This contact time depends on the amount of time the bio-sand filter has bad to 

ripen and the daily flow rate of raw water added.  

 Temperature effect: The water temperature cannot be too low to assure that biochemical 

oxidation of organic matter takes place. If the water temperature is below 6°C 

chlorination should be added to the filtered water to assure purification.  

 Ripening time: A bio-sand filter must be given time to develop a healthy population of 

microorganisms to treat the water. This is usually around 2-3 weeks (Fewster and Mol).  

Another important consideration is that the biologically active layer is composed of many 

different types of microorganisms such as: protozoa, algae, bacteria, and small invertebrates. The 

amount and types of microorganisms that develop within the bio-sand filter are dependent on the 

characteristics of the influent raw water.  

4.5.3.4. Filter media 
 

There are different sources that may be used as filtration media that can be found locally in most 

environments. Although sand is usually used as the media, there are other options when sand is 

not available. When choosing sand as the media, the most important factors are the grain size and 

the sand bed depth. Both the Effective size, D10, and the uniformity coefficient, K are used in 

selecting the correct grain size suitable for bio-sand filtration. The preferred range for the 
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uniformity coefficient is between 1.7 – 3. The optimal effective size for bio-sand filters is a finer 

sand of D10=0.17 mm. This sand size has greater bacteria removal efficiency (Fewster and Mol). 

The depth of the sand bed has several implications in terms of bacterial removal, turbidity and 

color removal, and the removal of nitrogenous organic compounds. Usual depths are between 0.6 

to 1.2 m.  

Although other filtration media must be studied on a case by case basis dependent on the quality 

of raw water, some of the media that has been studied as alternatives to sand are: burnt rice 

husks, crushed glass, and crushed stone.  

4.5.3.5. Evidence of Biological, Chemical and Physical Water Quality Improvement 
 

Biological: 

A study from 1999 by Patmateer (Fewster and Mol) found that intermittent household sand 

filters could remove: 

Total Heterotrophic bacteria populations 83+% 

Giardia cysts 100% 

Cryptosporidium oocysts 99.98% 

 

The team concluded that: 

 “intermittent sand filters should be considered to be much more than just a 

bacteriological filter, since it also has an impact on parasitic cyst removal and decreasing 

toxicant - genotoxicant concentrations from drinking waters in developing and developed 

countries (Fewster and Mol).”  

Chemical: 
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A study from Peru determined that an intermittently used household bio sand filters was able to 

remove various heavy metals such as: Chromium, Cadmium, Iron and even arsenic with removal 

efficiencies between 85 and 99% (Fewster and Mol).  

Physical 

In Afghanistan, a study which involved collecting samples from 2 and 3 year old intermittent 

household bio-sand filters indicated an average water treatment efficiency of 83% for turbidity. 

All of the filtered water samples collected achieved the WHO guideline for small scale water 

supply systems of  <5 NTU (Burt). The same study in Afghanistan showed a direct relationship 

between the use of the bio sand filters and a positive impact on people’s health. While only 16% 

of the people drinking water from the bio sand filters reported cases of diarrhea, 71% of those 

who did not drink water from the bio-sand filters reported having diarrhea.  

Different types of bio-sand filters can be constructed including: concrete, plastic or fuel drum 

filters.  

4.5.3.6. Further Research 
 

Further research regarding intermittent household filters needs to be carried out to assess the 

technical, social and health aspects of this water treatment option.  

4.6. Future Field Testing 
 

Future experimental analysis will be conducted jointly with IEEE at the FIU Engineering 

Center Solar House Figure 36. Once approved the plan is to install a gutter system on the Solar 

House eaves edge. When installed, the next step will be the addition of the bio-sand filtration 

system from which future engineering students can obtain valuable water quality testing samples 

to assess validity of our design.  
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Figure 36: FIU Engineering Center Solar House 

5. Wastewater Treatment 
 

Wastewater generated by a home can be treated in different ways. Wastewater generated from 

washing clothes, dishes, bathing and sinks is considered grey-water and can be treated using 

constructed wetlands, otherwise referred to as bio-filters. Wastewater from toilets, livestock 

manure, food scraps, and agricultural wastes will undergo a fuel recovery mechanism, reducing 

the volume, pathogen content and odors associated with these wastes while generating bio-fuel 

and bio-fertilizer. Similarly plastic waste will be used in the recycler system for the 

manufacturing of recycled plastic goods. The ultimate goal is to achieve a zero-waste 

community. This section will go in depth into the black-water and grey-water treatment 

processes.  

5.1. Grey-water treatment 

5.1.1. Constructed wetlands Overview 
 

Wetlands are land areas that are partially or completely saturated with water throughout 

most of the year. They are intermediate systems between aquatic and terrestrial ecosystems, and 

support both plant and animal communities adapted to these environments. The soil is usually a 
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hydric soil that has been under saturated conditions long enough to develop anaerobic conditions 

in the upper part. The vegetation is one adapted to saturated conditions. 

Wetland systems reduce or remove contaminants including biochemical oxygen demand 

(BOD), suspended solids, nitrogen, phosphorus, and pathogens from the water. They accomplish 

this reduction through a combination of physical, chemical, and biological processes including 

sedimentation, precipitation, adsorption to soil particles, assimilation by the plant tissue, and 

microbial transformation (Moshiri). 

Constructed wetlands, as the name implies, are engineered systems that mimic the natural 

conditions of wetlands. They are created with the purpose of treating wastewater. Constructed 

wetlands have great advantages when used for this purpose, they have low construction cost, 

require very low maintenance, and have low energy requirements.  

 The two types of constructed wetlands are the free-water surface (FWS) wetland, also 

called “surface flow”, and subsurface flow (SSF) wetland. Surface flow constructed wetland are 

similar to natural, open-water wetlands; they resemble both appearance and treatment 

mechanisms. These wetlands have three distinctive zones, two that are fully vegetated with a 

lower water depth, and one with no surface vegetation, and higher open water depth. In the two 

fully vegetated zones, oxygen level is close to 0 mg/L (USEPA). The open water zone is exposed 

to sunlight and the atmosphere; it has a high oxygen transfer rate that enhances BOD removal. 

Surface flow constructed wetlands are very cost effective and easy to maintain. Figure 37 shows 

a diagram. 
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Figure 37: Surface Flow Constructed Wetland Diagram (TU-Munich) 

 

Subsurface flow constructed wetlands have no standing water; therefore they do not 

resemble natural wetlands. They contain a bed of graded stone media which has been planted 

with aquatic plants. Wastewater is introduced at one end of the bed of stone and the water level 

stays beneath the surface of the media. Subsurface wetlands are more expensive than surface 

flow wetlands because they require larger rocks, especially at the entry and exit zones to prevent 

clogging. Figure 38 shows a subsurface flow wetland diagram. 

 

 

Figure 38: Subsurface Flow Constructed Wetland Diagram (Government) 
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Constructed wetlands are a cost effective and capable solution for treating grey-water, 

Table 8 shows typical pollutant removal efficiencies for surface flow and subsurface flow 

constructed wetlands. 

Table 8: Pollutant Removal Efficiencies for Constructed Wetlands (Mihelcic, Fry and Myre) 

Removal Efficiencies 

 Surface flow  Subsurface flow 
Ammonia nitrogen 88% 94% 

Total phosphorus 53% 65% 
Total suspended solids 91% 72% 
BOD 93% 93% 

 

It is recommended, for both the surface flow and subsurface flow constructed wetlands, 

to use indigenous aquatic plants (Jurries). A Macrophyte is a plant species that is widely used in 

wastewater treatment systems. Macrophytes are aquatic plants that are usually found on 

wetlands. They can be: emergent, submerged, or floating. They have several properties and 

characteristics that make them ideal for constructed wetlands. Some of these characteristics are: 

light attenuation, wind velocity reduction, nutrient storage, excretion of photosynthetic oxygen, 

among others. Table 9 summarizes the role of macrophytes in wetland water treatment according 

to the parts of the plant. 

 

 

Table 9: Role of Macrophytes in Wetland Systems (Kröpfelová) 

Macrophyte property Role in treatment process     

Aerial plant tissue 
 

 

Light attenuation → reduced growth of phytoplankton   

Influence of microclimate → insulation during winter   

Reduced wind velocity → reduced risk of re-suspension   

Aesthetic pleasing appearance of the system   

Storage of nutrients   

Plant tissue in water Filtering effect → filter out large debris   

Reduced current velocity → increased rate of sedimentation, reduced 
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risk of re-suspension   

Provides surface area for attached biofilms   

Excretion of photosynthetic oxygen → increases aerobic degradation 

Uptake of nutrients 

Roots and rhizomes in 

the sediment 

Stabilizing the sediment surface → less erosion 

Prevent the medium from clogging in vertical flow systems 

release of oxygen increase degradation (and nitrification) 

Uptake of nutrients 

Release of antibiotics 

 

Macrophytes are especially efficient at removing nutrients, namely nitrogen and 

phosphorus. Depending on the type of macrophyte used, nutrient uptake capabilities of up to 

2500 kg/ha-yr of nitrogen, and up to 350 kg/ha-yr of phosphorus have been observed (Brix). 

Table 10 summarizes the nutrient uptake capacities of commonly used macrophytes in wetlands. 

Table 10: Nutrient Uptake of Different Macrophyte Plants (Kivaisi) 

Nutrient Uptake of Different Macrophyte Plants 

Macrophyte Nutrient Uptake (kg/ha-
yr) 

 Nitrogen Phosphorous 
Cyperus papyrus 1100 50 
Phragmites australis 2500 120 
Typha latifolia 1000 180 
Eichhornia crassipes 2400 350 
Pistia stratiodes 900 40 
Potamogeton pectinatus 500 40 
Ceratophylum demersum 100 10 

 

The bacteria attached to the plants remove soluble organic compounds aerobically. The 

oxygen needed to support this process is supplied by the atmosphere, by photosynthetic oxygen 

production, and by oxygen leakage from macrophyte roots. 

5.1.2. Proposed Design 
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 When designing a constructed wetland, there are some important aspects that have to be 

taken into account. These include, but not limited to: definition of treatment requirements, 

characterization of the influent wastewater, evaluation of the site, plant selection, determination 

of design parameters, and design of system components. (Tchobanoglous and Crites) 

 Evaluation of the site is important to establish the overall wetland design. Size of the 

wetland, the area occupied by it, the aspect ratio, it is also important to establish if the site has 

slopes because this may determine the type of wetland to be constructed. Subsurface constructed 

wetlands Figure 39 have been chosen for this thesis because of their advantages such little risk 

of human exposure to the contaminated wastewater and the fact that they do not breed 

mosquitoes.   

 

Figure 39: Bio-filter design 

 

 To calculate the surface area of a subsurface flow wetland, the Kadlec and Knight model 

can be used: 

  (
        

  
)    (

    

    
) 
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 Where A is the wetland area required in hectares, Q is the volumetric flow rate in m
3
/day, 

kT in m/day is a rate constant for BOD, nitrogen, or pathogen removal at a specific temperature 

T, Ci is the influent concentration of BOD, nitrogen, or pathogens, C is the background 

concentration of BOD, nitrogen, or pathogens, and Ce is the effluent target concentration of 

BOD, nitrogen, or pathogens. Units for these concentrations are mg/L, or coliform per 100 mL in 

the case of pathogens.  

 To calculate the cross-sectional area required to hydraulically accept the flow, Darcy’s 

law can be used. Darcy’s law states that: 

         

 Where K is the hydraulic conductivity in m
3
/m

2
-day, Ac is the cross-sectional area in m

2
, 

and s is the hydraulic gradient slope in m/m which is equal to the change in water depth (hL) 

divided by the length of travel through the wetland. 

 The recommended aspect ratio for subsurface wetlands is in the range of 0.25:1 to 1:1 

(Tchobanoglous and Crites), this is used to calculate the surface dimensions. To calculate the 

water depth, divide the calculated cross-sectional area by the width. Finally, check that the head 

loss is less than the calculated water depth. 

5.1.3. Methodology of construction 
 

The network of the constructed wetlands consists of three main parts: 

1. Pretreatment: serves as a filter for grease and solid residues that might have fallen in the 

pipes. 

2. Constructed wetland: where water treatment takes place. 

3. Storage: once the water has been cleaned, it can be stored for later use. 
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Construction: 

Before the construction of the wetland begins, it is important to select the appropriate 

location, make sure there is sufficient space for all the components, and make the ground level 

lower than that of the effluent point of the grey waters. It is also important to acquire some 

information about the influent that the CW is going to be treating. 

To make sure the constructed wetland works efficiently, it is important to know, before 

construction, the amount of water it is going to receive. Knowing the amount of people in the 

household, the water use per person according to actual data or according to public information 

on water usage can be estimated.  

Materials Needed: 

Pretreatment: 

 2 plastic tanks with lids 

 4 PVC sanitary tees 38 mm 

 PVC sanitary pipe 38mm x 2 m 

 4 PVC couplings 38 mm 

 PVC ventilation pipe 25 mm x 3 m 

 1 PVC coupling 25 mm 

 3 PVC sanitary elbows 25 mm 

 1 silicon tubing 

 

Constructed wetland: 

 Approximately 2 m
3
 of round quarry stone 10 to 12 cm in diameter 

 Approximately 6 m
3
 of gravel stone 38 mm 



 
 79 

 

 Plastic sheeting 7 m long, 3 m wide, no less than 0.7 mm thick 

 PVC sanitary pipe 38mm x 5 m 

 6 PVC sanitary caps 38 mm 

 4 PVC sanitary tees 38 mm 

 PVC glue 

 Cement bags 

 Sacks 

Storage: 

 1 plastic tank with lid 

 PVC valve 38 mm 

 PVC sanitary pipe 38mm x 2 m 

 

Process description: 

 

Pretreatment:  

 In the ground, dig two holes in series to place the pretreatment plastic tanks with a 50 cm 

spacing between them 

 Make two holes, opposite to each other, 38 mm in diameter, in the upper part of each of 

the tanks (up to the desired water level) 

 With a piece of 38 mm PVC pipe connect the household water effluent to the first plastic 

tank. Insert the PVC pipe into the tank and place a PVC tee at the end 

 Place small pieces of PVC pipe at the other two end of the tee 
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 Connect the first and the second pretreatment tanks with a similar setting. The second 

tank will be connected to the constructed wetland’s point of entrance 

 It is important to place a ventilation “chimney” on the first tank to redirect bad odors. 

This is done by making a hole on the lid of the tank and placing a piece of 25 mm 

ventilation PVC with a tee on the end. It is recommended that the height of this 

“chimney” is higher than the household 

 Once the tanks have been placed in the holes, secure them with compacted soil 

 

Wetland: 

 Mark all the dimensions of the constructed wetland in the ground, its depth, length 

and width. 

 Dig the soil up to a depth of 70 cm. Digging has to be done with an outward 

inclination to give strength to the walls 

 Remove any stones or roots found in the soil 

 Cover the dug space with plastic sheeting. Make sure all the outside borders are 

sealed to the ground to avoid rain water to infiltrate 

 Place the sacks on top of the plastic sheeting to protect them from the stones that go 

on top 

 Get 1.5 m of PVC pipe 38 mm and make a series of 3 cm holes along the length, with 

a 5 cm spacing between them. Place two caps, one on each end of the pipe 

 Place one PVC tee in the middle of the pipe, connect it to another tee with a piece of 

PVC pipe, and place a cap on the other end of the tee. Connect this with the PVC pipe 

coming from the second pretreatment plastic tank 
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 The PVC pipe with holes should be placed 60 cm from the bottom of the CW hole 

 Repeat this setting for the effluent water, but this should be placed 10 cm from the 

bottom of the CW hole. This is going to be connected to the storage plastic tank 

 Divide the length of the constructed wetland in three sections, two short (one at each 

end) and a longer one in the middle 

 In the short sections place the quarry stone, the PVC tubing is going to rest in the 

stones 

 Place the gravel stone in the longer section 

 Plants are going to be planted in this section 

 Plant them with a 40 cm spacing to each other (in every direction) 

Storage: 

 Dig one hole in the ground to place the storage plastic tank. The hole should have a 50 

cm spacing from the end of the constructed wetland 

 Make two holes, opposite to each other, 38 mm in diameter, in the upper part the tank (up 

to the desired water level) 

 Connect the tank with the PVC pipe coming from end of the CW 

 Place the PVC elbow on the other hole 

The effluent water is not in the drinking water standard. It could be stored and reused for 

irrigation in the dry season, or used for groundwater recharge. 

5.1.4. Sizing of Constructed Wetland 
 

We performed the following analysis in order to fulfill the needs for a ten home community. 

Based on calculations presented in Crites and Tchanoglous (1998), we obtained sizing 

information for a multiple household system, consisting on 10 families producing 240L of grey 
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water per family per week. A conservative reaction rate of 1.1 is assumed and an average lowest 

temperature of 3°C.  

Table 11: Sizing of constructed wetlands 

Parameter Value (SI) Units (SI) Value  Units (English units) 

Influent Into 
Wetland 

0.345 m3/day 12.18 ft3/day 

BOD Level of Influent 33 mg/L 0.004406 ounces/gal 

Desired BOD Effluent 5 mg/L 0.000668 ounces/gal 

Days in CW  4.62 days    

Depth of Medium 0.6 m 1.97 ft 

Width 1.15 m 3.77 ft 

Length 5.21 m 17.09 ft 

Total Area 5.9915 m 64.4293 ft 

 

Figure 40: Constructed Wetland Design Schematic 

Figure 40 presents the finalized design for a wetland that can fulfill the needs of grey water 

treatment and reclamation for a 10 family community. All measurements are presented in meters.  

5.1.5. Economic Analysis 
 



 
 83 

 

Based on the calculated size of the digester, the following itemized costs are associated with 

constructing a bio-filter. Costs associated with the plants used in the bio-filter are not accounted 

for do to the variability of plants available in different regions. The community can use 

recommended macrophytes from Table 10 or use any readily available wet-land plants.  

 

Required Material Individual 
Cost 

Quantity Total 
Cost 

Primary Treatment       

Plastic barrels with lids (18 gal) 45 2 90 

PVC Tee fitting (1.5 in) 0.87 4 3.48 

PVC pipe (1.5 in) * 10 ft 4.97 1 4.97 

PVC unions (1.5 in) 6.24 4 24.96 

PVC ventilation pipe (1in) * 10 ft 3.67 10 36.7 

PVC union (1 in) 0.91 1 0.91 

PVC elbow (1 in) 2 3 6 

Silicone tube 5.97 1 5.97 

Bio-filter       

Gabion-type stones 4-5 in (1 m3) 20 1 20 

Pea gravel (1 cu-ft bag) 2 130 260 

Plastic liner (18 x 10 ft) 28.9 1 28.9 

PVC pipe (1.5 in) * 10 ft 4.97 2 9.94 

PVC plug (1.5 in) 0.29 6 1.74 

PVC Tee fitting (1.5 in) 0.87 4 3.48 

PVC glue tube 6.4 1 6.4 

Cement (sacs) 2.99 2 5.98 

Water exit unit       

Plastic container with lid (18 gal) 45 1 45 

PVC Ball Valve (1.5 in) 6.63 1 6.63 

PVC pipe (1.5 in) 4.97 1 4.97 

        

TOTAL      566.03 

 

5.2. Black-water Treatment, Co-digestion and Energy Recovery 
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A viable option for the treatment of black-water is the use of anaerobic digesters. Several 

types of existing methane biogas reactors, or anaerobic digesters, are currently in use throughout 

many parts of the world as a viable waste processing, energy recovering mechanism. 

5.2.1. Anaerobic Digestion Overview  
 

Biogas production in the form of methane by means of anaerobic digestion of human, 

animal, domestic and agricultural waste is a greatly viable tool in the puzzle to counter the 

existing worldwide energy crisis. Anaerobic digestion decomposes organic material biologically 

in an oxygen free environment and recovers valuable products in the form of energy and 

nutrients. Energy is recovered as biogas, typically containing 70% methane, 25% carbon dioxide 

and trace quantities of nitrogen, oxygen, hydrogen and hydrogen sulfide. The odorless, and 

colorless, nitrogen and phosphorous rich, liquid effluent recovered from the digester serves as 

fertilizer and is 99% free of pathogens (Rowse). Anaerobic treatment does not require aeration, 

which has the highest energy costs in wastewater treatment.  

Anaerobic digestion is a microbial fermentation that occurs in the absence of oxygen. It 

evolves in a three step process in which different bacteria convert the organic material into a 

usable form for the next group of bacteria. The final stage is methanogenesis in which methane is 

produced by completing the decomposition process.  Biogas is produced in a closed tank which 

can be constructed from various materials such as bricks, cement, plastic or metal. The 

bioreactor contains an entry port for organic waste and wastewater and an effluent port by which 

bacterially digested slurry exits. 

Anaerobic co-digestion consists of the joined treatment or different types of organic 

wastes in order to take advantage of the diverse composition off elements to produce a more 

efficient process. In this way, the treatment of household kitchen wastes, animal wastes and 
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human wastes can share a same facility. This reduces investment costs and handles all organic 

wastes, recovering valuable products in the process. 

5.2.2. Advantages & Disadvantages 
 

There are many advantages associated with the implementation of anaerobic digestion 

other than biogas production. Methane emissions reductions from landfills is one of them, 

methane is a greenhouse gas with a global warming potential 21 times higher than carbon 

dioxide. Diverting fats, oils, and grease from the wastewater infrastructure prevents clogging of 

pipes and pumps which increases water quality and also saves money. The liquid effluent 

recovered from the digester can be used as a natural fertilizer, reducing the need for chemical 

ones; this reduces soil erosion and nutrient run-off and improves plant growth and soil retention 

of water. 

Some of the main challenges when considering anaerobic digestion as a waste 

management and energy recovery solution are mostly associated with operation and 

maintenance. Anaerobic digestion takes longer times to start the process because of the slow 

growth rate of methanogens, which also translates into larger reactor volumes. The addition of 

sodium bicarbonate or other form of alkalinity may be necessary in order to maintain an optimal 

pH. Reaction rates in anaerobic digestion reactors are very sensitive to temperature changes. 

Most small-scale anaerobic digestion requires the addition of water; this can be a hardship in 

some places during the dry season. Proper selection of an adequate type of digester, along with 

an evaluation of the sources of feedstock, training and quality control are all fundamental for the 

system to work effectively.  

5.2.3. Anaerobic Digestion Mechanisms 
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The anaerobic digestion process consists of different types of bacteria that come into play 

at different steps of the digestion process. First, in a process called Hydrolysis, a group of 

fermentative bacteria excrete enzymes that break macromolecules such as proteins, 

polysaccharides, carbohydrates and fats and transform them into soluble organic molecules such 

as amino acids, monosaccharaides, simple sugars, and fatty acids.  

During the second stage called Acidogenesis, a different group of bacteria transforms the 

hydrolyzed products into volatile fatty acids such as propionic acid, butyric acid, acetic acid; into 

alcohols such as ethanol and methanol; and into hydrogen and carbon dioxide.  

In the third stage, known as Acetogenesis, another group of bacteria called acidogens 

transforms the products of the previous stage into hydrogen, carbon dioxide, and acetic acid; 

during this stage, it is very important to maintain a low hydrogen partial pressure to 

thermodynamically allow the conversion of all the acids (Osterm). 

The fourth and final stage is called Methanogenesis, during this process a group of 

bacteria called methanogens transform hydrogen, carbon dioxide, and acetic acid into methane. 

Waste stabilization is accomplished when methane gas and carbon dioxide are produced. 

 

 

5.2.4. Types of biogas plants 
  

Biogas plants can be divided into batch, continuous and plug-flow reactors.  

This phase 
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breaks down 
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Acetogenesis 
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The types of biogas reactors normally used in anaerobic digestion processes can be 

divided into two categories: batch and continuous reactors. The batch-type reactors are charged 

once and sealed for the complete retention time, then emptied completely and the effluent 

removed. Stirring may or may not take place in this process, but the sludge in a batch reactor is 

normally not mixed, allowing the content of the digester to stratify into the following layers from 

top to bottom: gas storage, scum, supernatant, actively digesting sludge, and stabilized solids at 

the bottom (Osterm). 

Continuously stirred bioreactors, Figure 41, are charged and discharged, usually on a 

daily basis. The same amount of fresh substrate added is then removed in an on-going process. 

Because of this constant addition of substrate, the contents of the tank mix, therefore no 

stratification takes place. If a constant influent is maintained, the process approximates that of 

steady state leading to a fairly constant biogas production. This type of reactor is especially good 

for rural settings because of the constant organic waste produced by livestock.  
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Figure 41: Continuously Stirred Methane Digester Schematic 
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Another type of continuous reactor is the plug-flow reactor (PFR). There is also a 

continuous influent of substrate and exiting slurry through the opposite side of the reactor, but no 

mixing occurs because the flow moves in the reactor as a “plug”. Since no mixing occurs, the 

concentration of substrate changes throughout the length of the reactor.  One of the advantages of 

plug-flow reactors is that is possible to achieve a high and efficient removal of individual 

contaminants such as ammonium and trace organics (Rowse). Plug flow bio-reactors, Figure 42 , 

have a typical length to width ratio of 5:1. This type of reactor is useful when organic waste is 

processed with low water quantities. 

 

 

For small-scale anaerobic digesters is common to operate a semi-batch reactor. A semi-

batch reactor is a combination of a batch and continuously stirred reactors; over a period of time 

in which the substrate is added the reactor behaves as CSTR, with a continuous flow in and flow 

out, and mixing its contents. For the rest of the day, the reactor behaves as a batch reactor, with 

no flow in or out. 

5.2.5. Types of Anaerobic Digester used in Developing Nations 
 

There are three types of reactors that are commonly used as small-scale anaerobic 

digesters in developing countries: fixed dome, floating drum, and polyethylene tubular anaerobic 

digesters. They are usually operated as semi-batch reactors and do not require mechanical 

pumping or mixing (Rowse).  

Organic 
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Biogas 

Output 
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Outflow 

Figure 42: Plug Flow Reactor Schematic 
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Fixed-dome digesters, Figure 43, have a simple design with no moving parts. The waste 

enters through the inlet to the bottom of the tank. The anaerobic process takes place and the 

biogas is produced and stored within the digester. The pressure build-up pushes the slurry into a 

collection tank where it can be removed. Fixed-dome digester are normally constructed of 

masonry and placed underground to protect it from physical damage, provide insulation, and 

saving space (Ocwieja). The costs for this type of digester are relatively low, and the design 

lifespan is 20 years (Rowse). 

 

Figure 43: Fixed-dome anaerobic digester (Rajendran, Aslanzadeh and Taherzadeh) 

Floating-drum anaerobic digesters, Figure 44, consist of a cylindrical or well-shaped 

digester with a mounted movable inverted drum placed on top that can float in the slurry. The 

drum acts as storage for gas so the digester functions at a constant pressure with variable volume 

(Rajendran, Aslanzadeh and Taherzadeh). The digestion process is similar to that of the fixed-

dome digester. Floating-drum digesters are relatively expensive and require frequent 

maintenance; their design life ranges between 5 to 15 years (Rowse). 
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Figure 44: Floating-drum anaerobic digester (Rajendran, Aslanzadeh and Taherzadeh) 

 

Polyethylene tubular anaerobic digesters, Figure 45, function as a plug-flow reactor and 

consist of a narrow and long tube made of two layers of polyethylene plastic. The inlet and outlet 

of the digester are located at opposite end, and is usually placed in a slope to facilitate movement 

of the slurry. To avoid temperature fluctuations, a gable or shed roof is placed on top of the 

digester to cover it, which acts as an insulation both during day and night (Rajendran, 

Aslanzadeh and Taherzadeh). The tubular digester is the least expensive and easiest to construct, 

but the lifetime is only 2 to 10 years (Rowse). 
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Figure 45: Polyethylene tubular anaerobic digester (Rajendran, Aslanzadeh and Taherzadeh) 

5.2.6. Design Parameters 
 

The rate of digestion and the biogas production is affected by a variety factors. The most 

important is temperature. Other factors include pH, alkalinity, mixing of the digesting material, 

hydraulic retention time, among others. Environmental and operational parameters must be 

monitored for the correct development of the anaerobic digestion process.  

Temperature: 

One of the main factors in assuring proper digestion is maintaining a steady temperature 

inside the digestion chamber. Bacteria, mainly the methanogenic ones, are very sensitive to 

temperature changes, abrupt temperature fluctuations can quickly destabilize a digester (EPA). 

The type of digestion process differs between mesophillic (25°- 40°C) and thermophillic (50° - 

65°C).  The mesophillic digestion is the most common one, yet it requires a larger tank volume 

and a longer processing time. The optimum temperature for mesophilic digestion is 35°C, and 

the digester must be maintained between 30 and 35°C for most favorable functioning (Osterm). 

The thermophillic digestion requires a smaller tank size, provides a shorter processing cost, and 

less pathogens in the slurry, yet the cost is greater. Thermophillic digestion is also more sensible 
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small toxins and to environment changes including temperature. In order to maintain the 

temperature in the digester, it is recommended to cover it with some kind of insulating material.  

Mixing 

The main objective of mixing is to homogenize the medium to obtain uniform 

concentration and temperature. This facilitates microorganism to come in contact with the 

substrate to facilitate the biological process. It also prevents short-circuiting when part of the 

untreated substrate exits the reactor without being in contact with the microorganisms. No 

mixing takes place for the fixed-dome, floating-dome, or tubular digesters. 

Retention Time 

The hydraulic retention time is a function of the volume of the tank and its design flow rate. The 

solids retention time, or mean cell residence time is defined by the time the mass of bio-solids is 

maintained within the digester. This is an important factor since methane producing bacteria 

require sufficient time for reproduction and adaptation which is dependent on the amount of 

organic matter entering the reactor. The longer a substrate is kept under proper reaction 

conditions, the more complete its degradation will be (Osterm), therefore the retention time is a 

key parameter that is used to determine the required digester volume. Since, most often, 

methanogenesis is the rate-limiting step, the methanogenic bacteria are the limiting factor in the 

speed of the digestion process (Rowse). The following table shows average methane content 

values for a mesophillic digester at different retention times. 

 
Table 12. Retention time to methane content (EPA) 

Retention time (days) Methane content (%) 

15 64 
10 59 
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pH value 

The overall pH value in the reactor must be kept at near neutrality in order to maintain a 

healthy bacterial population. The syntrophic balance between the acetogens and the methanogens 

maintains the pH in anaerobic digesters. Acetogens produce acid and methanogens consume acid 

to produce methane gas (EPA). If the acetogenic population increases and outnumbers the 

methanogenic population (a scenario likely to happen if the substrate loading increases suddenly) 

high volumes of organic acid would be produced and the pH lowered. This will further decrease 

the methanogenic population. It is recommended to add alkalinity in order to avoid acidification. 

On the other hand, a higher methanogenic population would increase the pH, inhibiting the acid 

production. This could be overcome by adding more substrate, which would stimuli 

acidogenesis. 

Carbon to Nitrogen Ratio 

The C/N ratio is a relative measure of the amount of organic carbon and nitrogen present 

in the digester. Carbon and nitrogen are the chief foods of the bacteria in charge of the digestion; 

they use carbon for energy and nitrogen for building cell structure. The optimal C/N ratio is 30:1 

because bacteria consume carbon 30 times faster than they consume nitrogen (Trautmann, 

Richard and Krasny). A low C/N ratio could lead to a high total ammonia nitrogen (TAN) 

release and a high volatile fatty acids (VFAs) accumulation in the digester (Yen and Brune). A 

high C/N ratio could cause a rapid consumption of nitrogen by the methanogenic bacteria and 

lower gas production rates (Osterm). The following table shows estimated C/N ratios of some 

common organic materials used for biogas production in anaerobic digesters: 
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Table 13: C/N Ratios for bio-digester (Fry) 

CARBON / NITROGEN RATIOS 

Material   %N C/N 

Ratio 

Activated 

Sludge 

5.50 6     

Amaranth 3.60 11     

Apple 

Pomace 

1.10 13     

Blood 12.00 3     

Bread 2.10 --- 

Cabbage 3.60 12     

Cardboard 0.10 400-563 

Coffee 

Grounds 

--- 20     

Cow Manure 2.40 19     

Corn Cobs 0.60 56-123 

Corn Stalks 0.70 60-73 

Cottonseed 

Meal 

7.70 7     

Cranberry 

Plant 

0.90 61     

Farmyard 

Manure 

2.25 14     

Fern 1.15 43     

Fish Scrap 10.60 3.6 

Fruit 1.40 40     

Garbage 

(Raw) 

2.15 15-25 

Grass 

Clippings 

2.40 15     

Hardwood 

Bark 

0.24 223     

Hardwoods 

(Avg.) 

0.09 560     

Hay 

(General) 

2.10 --- 

Hay (legume) 2.50 16     

Hen Manure 8.00 15     

Horse 

Manure 

1.60 27     
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Humanure 6.00 8     

Leaves 0.90 54     

Lettuce 3.70 --- 

Meat Scraps 5.10 --- 

Mussel 

Residues 

3.60 2.5 

Mustard 1.50 26     

Newsprint 0.06-

0.14 

398-852 

Oat Straw 1.05 48     

Olive Husks 1.2-1.5 30-35 

Onion 2.65 15     

Paper --- 100-800 

Pepper 2.60 15     

Pig Manure 3.10 14     

Potato Tops 1.50 25     

Poultry 

Carcasses 

2.40 5     

Purslane 4.50 8     

Raw Sawdust 0.11 511     

Red Clover 1.80 27     

Rice Hulls 0.30 121     

Rotted 

Sawdust 

0.25 200-500 

Seaweed 1.90 19     

Sewage 

Sludge 

2-6.9 41775     

Sheep 

Manure 

2.70 16     

Shrimp 

Residues 

9.50 3.4 

Slaughter 

Waste 

9 10 

Softwood 

Bark 

0.14 496     

Softwoods 

(Average) 

0.09 641     

Soybean Meal 7.2-7.6 5    

Straw 

(General) 

0.70 80     

Straw (Oat) 0.90 60     

Straw 

(Wheat) 

0.40 80-127 
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Telephone 

Books 

0.70 772     

Timothy Hay 0.85 58     

Tomato 3.30 12     

Turkey Litter 2.60 16     

Turnip Tops 2.30 19     

Urine 15-18 0.8 

Vegetable 

Produce 

2.70 19     

Water 

Hyacinth 

--- 20-30 

Wheat Straw 0.30 128-150 

Whole Carrot 1.60 27     

Whole Turnip 1.00 44     

 

Organic Loading Rate 

 The organic loading rate (OLR) is a measure of the amount of volatile solids that are 

being added to the digester. A very high OLR will require more bacteria to process, if this 

increase in the organic loading is sudden, the system may not be prepared and could stop 

working. As mentioned before, in this case the acetogenic population would increase leading to a 

lower pH. 

Co-Digestion 

 The choice of substrate varies depending on availability of the material and the operating 

conditions of the digester, but it is common to use animal manure as the loading material since 

the methane content is around 60%. Kitchen wastes have a high fat content that could enhance 

the biogas production. The combination of different substrates often has a synergistic effect on 

biogas production (Rajendran, Aslanzadeh and Taherzadeh). Co-digestion could help the 

anaerobic digester to become more stable. 

Digester performance 
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The amount of biogas produced depends heavily on the organic matter used, the organic 

loading rate, the operational temperature and the presence of inhibitors and toxins. The 

performance of the system may be evaluated based on the following parameters: volume 

reduction, biogas production and quality of effluent.  

Maintenance  

The basic aspect to assure proper functioning of system is to provide diluted feedstock to 

assure an adequate ratio of organic matter to water. For instance, for every 30 kg of manure, 60 L 

of water are needed.  Daily observation and adjustment of internal conditions as well as periodic 

mechanical maintenance of system are crucial. If done methodically, operation and maintenance 

of a farm based digester takes approximately 15-30 minutes per day (Simpkins).  

5.2.7. Biogas to feedstock ratios 
 

Methanogens are a type of bacteria that are able to digest organic compounds in the absence 

of oxygen. Methanogens can easily digest sugar, starch, fats and proteins; they can also digest 

cellulose, but rather slowly. When organic material is anaerobically digested by methanogens, a 

gas is released that consists of 50 to 80% methane, 20 to 50% carbon dioxide, and in 

significantly lower quantities: nitrogen, hydrogen, carbon monoxide, and hydrogen sulfide 

(DOE). The variable percentage of these components depends on the feeding material 

composition and the management of the process.  

It is not possible to calculate the exact fuel value of organic wastes since a lot of factors play 

a role in the operation of anaerobic digesters. Nonetheless some approximations can be made. 

Table 14 shows a roughly estimate of biogas production of some common substrates. 
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Table 14: Biogas yield per feedstock (Rajendran, Aslanzadeh and Taherzadeh) 

Main Substrate Substrate Classification Biogas Yield 

Manure Cow 0.6 - 0.8 m3/kg TS 

 
Pig 0.27 - 0.45 m3/kg TS 

  Poultry 0.3 - 0.8 m3/kg TS 
  Horse 0.4 - 0.6 m3/kg TS 

Agricultural Residues Rice Straw 0.55 - 0.62 m3/kg TS 

 
Wheat Straw 0.188 m3/kg VS 

  Maize Straw 0.4 - 1.0 m3/kg TS 

 
Grass 0.28 - 0.55 m3/kg VS 

  Mango Leaves 0.6 m3/kg TS 

 
Coffee Pulp 0.300 - 0.450 m3/kg VS 

  Corn Stalk 0.350 - 0.480 m3/kg VS 

 
Cassava Peels 0.661 m3/kg VS 

  Residues 0.132 m3/kg VS 

Food Wastes Vegetable Waste 0.4 m3/kg TS 

  
Kitchen/Restaurant 
Waste 

0.506 - 0.650 m3/kg VS 

 
Left-Overs Food 0.2 - 0.5 m3/kg TS 

  Egg Waste 0.97 - 0.98 m3/kg TS 
  Cereals 0.4 - 0.9 m3/kg TS 

Aquatic Plants Algae 0.38 - 0.55 m3/kg VS 

 
Water Hyacinth 0.2 - 0.3 m3/kg VS 

  Caboma 0.221 m3/kg VS 
  Salvinia 0.155 m3/kg VS 

 

Table 15 shows a rough estimate of biogas production per ton of waste: 

 
Table 15. Biogas production per feedstock 

Waste biogas production (m3/ton) 

Fats and grease 961 
Bakery waste 714 
Food scraps 265 
Corn silage 190 
Grass silage 185 
Green clippings 175 
Brewery waste 120 

Chicken manure 80 
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Potato waste 39 
Pig manure 30 
Cow manure 25 

 

 

5.2.8. Proposed biogas system design 
 

The anaerobic design choice is a continuous flow underground reactor Figure 46. 

 

Figure 46: Methane Bioreactor design 

The Janata biogas plant as it is commonly known is a Chinese variation of a biogas system. It is a 

well-like digester with no moving parts and a dome shaped cover for the gas. We selected this 

model based on a literature survey of an extensive Biogas Handbook (Mazumdar) in order to 

perform further analysis 

Selection criteria 

 

 Simplicity of construction 

 Use of locally available materials for construction 

 No steel requirements 

 Ability of utilizing locally available skills for its construction 

 Low cost 
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Components: 

 Digester and gas storage: The digester is a cylindrical shaped structure made with bricks 

and cement where the slurry is held. The top portion between the digester and the dome is 

where the biogas is held.  

 Inlet and Outlet: The inlet has a masonry slope that goes down to the bottom of the 

digester while the outlet is rectangular and plastered and also has a slope that reaches the 

bottom of the digester. The inlet and outlet both have their openings at ground level and 

have covers that can be made of wood.  

5.2.8.1. Considerations for Construction: 
 

 Site selection: The area should be elevated, dry and exposed to direct sunlight. It should 

also be placed as close as possible to the livestock pen, latrines and the kitchen where the 

gas is to be directed, but at least 2 meters away from any house or building to avoid 

accidents. The minimum level of groundwater should be 3m below the surface. No 

drinking water well or other water source should be within 15 m of the selected site. 

 Sizing of the plant. The plant should be sized based on two things: the amount of gas 

required (for cooking, heating, electricity, etc.) and the amount of feedstock available 

(number of animals, quantity of sewage, agricultural waste etc.) 

 Materials for Construction: The most common construction materials are available 

locally in most places and are comprised mainly of bricks and cement.  

Operation: 

 Input: Raw material is livestock manure, ground up food waste and sewage 

 Loading: The plant is a continuous-fed reactor where the recommended amount of slurry 

is put into the digester on a daily basis. 
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 Output: An equal amount of daily digested slurry flows out of the outlet. The gas pressure 

is equalized as the increase in gas pressure pushes the slurry up the outlet while a 

decrease in pressure is balanced by the return flow of the slurry in the tank.  

Maintenance: 

Since the digester has no moving parts, it has a very long lifetime of use with no wear and tear 

and no associated maintenance. However, initially the plant must be tested to assure that there 

will be no water or gas leakage.  

5.2.8.2. Theoretical Design of Anaerobic Digester 
 

According to Rajendran, Aslanzadeh and Taherzadeh, one cubic meter of biogas is equal 

cooking three meals a day for 5 – 6 persons. Using this parameter, we designed the anaerobic 

digester for a capacity of ten (10) cubic meters. This volume would be enough to provide biogas 

for the cooking needs of 10 families consisting of 5 – 6 people each, or for 50 – 60 people. 

A hydraulic retention time (HRT) of 40 days was selected, this in accordance with the 

recommendations made by the Rwanda Utilities Regulatory Agency (RURA). It is also stated 

here that for a plant size of ten cubic meters 80 – 100 kg daily feedstock are required as well as 

80 – 100 liter of water per day. The designed loading is 90 kg of feedstock and 90 liters of water 

per day. 

Dome: 

 The dome of the anaerobic digester will serve as storage for the gas produced in the 

process. The dome is ellipsoidal (more specifically, an oblate ellipsoid) in shape. The distinct 

semi-axis (c) is going to be assumed to be 1 meter in length for design purposes. The other two 

equal semi-axes (a and b) are going to be calculated using the following formula: 

       
 

 
(
 

 
   ) 
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 Since the semi-axes a and b are equal in length, the equation becomes: 

       
 

 
(
 

 
   ) 

Therefore, the radius of the dome (and consequently the radius of the digester’s body) 

will be 2.18 meters. 

Digester: 

The volume occupied by the substrate would be equal to the feedstock load plus the water 

for a period of 40 days. 3600 L of water occupy 3.6 m
3
; if we assume that the feedstock being 

added to the reactor has the same density as water, then 3600 kg of feedstock would also occupy 

3.6 m
3
. Therefore, the substrate will occupy an approximate volume of 7.2 m

3
. The digester’s 

body will be cylindrical in shape, thus: 

            

 The height of the digester is calculated to be 0.8 meters. For conservative reasons, the 

height is designed to be 1 meter. 

Construction: 

After the site is selected, the first step for the construction is to level the ground where the 

digester is going to be constructed. The second step is to layout the dimensions of the plant on 

the ground. This should be done following the digester plan shown in Figure 47. 
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Figure 47: Plan View of digester 

 Next step is to excavate the soil. This has to be performed following the dimensions 

shown in Figure 48 . The pit bottom should be leveled and compacted, and the walls should be 

vertical.  
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Figure 48: Section View of digester 

All measurements for the digester in the Plan view and Section view are in meters.  

Digester’s Body: 

When the excavation is over, gravels and stones should be placed as a foundation and 

then filled with cement. The gas pipe should be placed at the exact center of the round pit in a 

vertical position and secured with a horizontal rod or string to assure it stays vertical. Let the 

foundation dry for at least two days, and then start the construction of the wall. 

 For the first two rows of the wall, the bricks should be positioned side by side so that a 

wide base is made. The rest of the bricks should be placed horizontally as well, but on the shorter 

side. The height of the wall for the digester’s body is specified on the section view. The 

feedstock inlet pipe should be placed in position when the wall is 30 cm high. The pipe should be 

placed as vertical as possible to reduce the risk of clogging. 
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 A 60 cm wide opening should be left on the round wall where the outlet is. The digested 

slurry will flow through this opening. When the height of the wall is reached, the inside must be 

plastered with a smooth layer of cement. 

Dome: 

The construction of the dome is done back-filling the pit and molding the soil to fit the 

shape of the dome and following the dimensions on the section view. It is very important that the 

soil used as a mold is very well compacted. The shape of the dome can be made using a steel rod 

as a template. When the mold is ready, a thin layer of sand should be spread on the soil so it does 

not adhere to the cast. 

 The casting of the dome is done with concrete. Especial care should be taken when 

making the casting. Take into account that the outer part of the cast is wider (around 25 cm) than 

the center of the dome (around 7 cm). The pipe that was placed at the center of the pit should 

come out the cast exactly in the middle. This is the place where the main pipe gas is installed. 

Let the cast dry for a day. 

 The day after the casting the turret must be made using bricks. After the dome is 

complete, if should be sprinkled with water 3 to 4 times a day during a week. After 

approximately one week, the soil inside the digester can be removed through the manhole and 

the inside should be thoroughly cleaned with soap and water. 

 In order to keep the digester completely hermetic, some layers of different materials have 

to be applied to the dome (Mazumdar). Allow one day to dry between layers. 

1. Cement-water flush that would be applied using a broom. The flush consists of 1 part 

cement, and 3 to 5 parts of water.  

2. 10 mm layer of cement-sand mortar consisting of 1 part cement, 3 parts sand. 
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3. 5 mm layer of cement-sand punning consisting of 1 part cement, 2 parts sand. 

4. 3 mm layer of cement and acrylic emulsion paint mix consisting of 1 part paint, 10 parts 

cement. 

5. 10 cm layer of cement and acrylic emulsion paint mix consisting of 1 part paint, 2 parts 

cement. 

Inlet Tank: 

 The inlet tank is the place where the feedstock get mixed with the water to go into the 

digester for processing. This tank should be round in shape to allow for easier maintenance. 

Before the construction begins, the soil has to be leveled and compacted to avoid faults in the 

end product. Begin by constructing a base; this base should be at least 15 cm above the outlet 

overflow level (RURA). When the base is dried, construct the tank using bricks according to the 

specifications detailed in both the plan and the section views of the digester. 

Outlet Tank: 

 Just as in the case of all the other components, the soil where the outlet chamber is going 

to be constructed should be leveled and compacted. Begin by laying a thick layer of cement-sand 

mortar; this finished surface should also be leveled and smooth. Construction of the rectangular 

chamber should be done using bricks and the walls finished with a layer of smooth plaster. 

 In order to protect people of the community as well as animals from falling inside the 

outlet chamber, slabs to close this outlet should be made. These labs should be made of concrete 

with proper reinforcement inside. 

Pipeline: 

Only light quality PVC or galvanized iron piping should be used for the layout of the gas 

pipeline (Mazumdar). This pipeline is usually very vulnerable to damage, therefore it should be 
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buried in the ground whenever possible. Teflon tape should be used at all the fittings to reduce 

the risk of leaking. To connect gas burners to the gas pipelines rubber hose should be used. 

5.2.8.3. Design Calculations 
 

The following assumptions were made in the design of the anaerobic digester: 

Community size: 10 households 

Average number of people per household: 5 

Cooking energy requirements: 1m
3
 cooking gas per household per day that accounts for 3 daily 

meals 

Total daily biogas needed: 10m
3 

When we consider a digester on a homestead or small community scale we have to think about 

the following questions: 

 What kind of digester should be built 

 How big should it be 

 What is the best way to use the gas and sludge produced to satisfy the needs of the people 

o Should the sludge be used to fertilize crops, fish, or algae ponds 

o Should the gas be used directly for cooking, heat, or light, or sent back to the 

digester to heat it 

Figure 49 shows the possibilities for the different effluents obtained from the digester.  



 
 108 

 

 

Figure 49: Digester effluent (Fry) 

 

The main source of substrate for the digester comes from animal and human manure. The size 

and age of the animal as well as the degree of confinement are factors that can affect both the 

type and amount of manure that can be collected. 

Typical values for the weight of animals were taken (Fry). 

Cow: 1000 lb 

Horse: 850 lb 

Pig: 160 lb 

Human: 150 lb 

Chicken: 150 lb 

From a case study regarding a village-sized anaerobic digester (Rowse), we were able to obtain 

average number of animals owned per household in a typical rural village.  
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Daily manure as a percent of the animal’s life weight was obtained (Spuhler) to calculate the 

total daily manure produced per animal.  

The degree of confinement is a measure of how much of the total manure produced by an animal, 

can be gathered as feedstock for the digester. Cows and horses were assumed to have a 50% 

confinement whereas the rest of the animals were assumed to be either penned or in the case of 

humans, have the latrines/toilets directly connected to the digester.  

Table 16: Biogas production analysis 

Animal 

type 

Life 

weight 

(kg) 

Daily 

manure 

(% of 

life 

weight) 

Daily 

manure 

(kg) 

m
3  

biogas/kg 

manure 

Biogas 

productio

n per 

animal 

(m
3
) 

No.  

of 

animals 

Degree 

of 

Confine

ment 

Biogas 

producti

on (m
3
) 

Cow 454.55 5% 22.727 0.04 0.909 10 50% 4.545 

Horse 386.36 5% 19.318 0.04 0.773 3 50% 1.159 

Swine 72.73 2% 1.455 0.06 0.087 6 100% 0.524 

Human 68.18 1% 0.682 0.06 0.041 50 100% 2.045 

Chicken 1.59 4.5% 0.072 0.07 0.005 50 100% 0.251 

       TOTAL: 8.524 
 

The total calculated biogas volume produced from manure was 8.5m
3
. The remaining 1.5% 

would be accounted for by the addition of agricultural and kitchen wastes.  

C/N Ratio 

As mentioned earlier, the optimum C/N ratio for the anaerobic digester is 30. The C/N ratios 

from Table 13 were used to calculate the total nitrogen, total carbon and ultimate C/N ratio of 

our mixture. Initially we obtained a C/N ratio of 20 from just the manure but upon addition of 

straw and leaves which are rich in carbon, the C/N went up to 29. 
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Table 17: Carbon: Nitrogen Analysis of substates 

 
C/N 

Ratio 

Number 

of 

Animals 

Daily 

manure 

(kg 

Nitrogen 

% 
Nitrogen Carbon 

Cow 18 8 181.818 2% 4.36 78.54 

Horse 25 3 57.955 2% 0.93 23.18 

Pig 14 6 8.727 3% 0.27 3.79 

Human 

(avg) 

8 50 34.091 6% 2.05 16.36 

Chicken 15 50 3.580 8% 0.29 4.29 

    Totals: 7.89 126.17 

     C/N 

Ratio 

15.99 

       

Wheat 

Straw 

140 n/a 2.5 0.3% 0.75 105 

Leaves/grass 54 n/a 1 0.9% 0.9 48.6 

    Totals: 9.54 279.77 

     C/N 

Ratio 

29.40 

5.2.9. Anaerobic Digester Cost Analysis 
 

The costs associated with constructing an anaerobic digestion system for a ten home community 

are itemized below. Costs for manual labor are not accounted for due to the fact that the 

construction is relatively easy to do, and the same people living in the community can construct 

the digester and dome under some technical guidance and supervision.  

 

Item Unit Amount Cost per unit Total cost 

Stones m3 10.0  $         110.00   $  1,100.00  

Bricks pcs 2000.0  $             0.25   $     500.00  

Gravel 20mm in 
diameter 

bags 50.0  $             4.25   $     212.50  

Clean coarse sand m3 3.0  $             3.00   $         9.00  

Clean fine sand m3 3.0  $             3.49   $       10.47  

Portland cement bags 22.0  $             8.82   $     194.04  

Acrylic emulsion paint kg 4.0  $             1.50   $         6.00  
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Gas turret pipe with 1 
1/4-1/2 reducer  

pcs 1.0  $           23.40   $       23.40  

Steel rods 8mm pcs 6.0  $             5.50   $       33.00  

Galvanized wire kg 0.5  $             4.84   $         2.42  

PVC pipe 110 mm, PN 4 pcs 1.0  $           15.54   $       15.54  

PVC pipe 20 mm, PN 16 pcs 7.0  $             1.45   $       10.15  

PVC elbow 20 mm pcs 7.0  $             0.18   $         1.26  

PVC tee 20 mm pcs 4.0  $             0.33   $         1.32  

PVC socket 20 mm pcs 4.0  $             2.15   $         8.60  

PVC adapter nipple 1/2 pcs 4.0  $             1.07   $         4.28  

PVC adapter socket 1/2 pcs 1.0  $             1.12   $         1.12  

Galvanized nipple 1/2" pcs 5.0  $             1.56   $         7.80  

Galvanized union pcs 1.0  $             2.35   $         2.35  

Galvanized elbow pcs 2.0  $             1.77   $         3.54  

Galvanized plug 1/2" pcs 1.0  $             0.60   $         0.60  

Gas hose m 2.5  $           16.13   $       40.33  

Hosepipe nipple pcs 6.0  $             1.22   $         7.32  

Hosepipe clamp pcs 6.0  $             0.89   $         5.34  

Gas valve 1/2" pcs 4.0  $             8.50   $       34.00  

Biogas stove pcs 10.0  $           25.00   $     250.00  

Pressure gauge pcs 1.0  $             4.94   $         4.94  

Teflon tapes pcs 3.0  $             0.97   $         2.91  

Wood screws pcs 10.0  $             0.25   $         2.50  

        

      Total  $  2,494.73  

 

5.2.10. Experimental Model 
 

In order to obtain a hands-on understanding of the underlying working principles of an anaerobic 

digester, we built a miniature version of a two-staged digestion system. The digester is composed 

of two holding tanks; the first mimics a floating drum digester, whereas the second mimics a 

standard closed semi-batch digester. The experimental set up was produced in order to verify co-

digestion capabilities of multiple kitchen waste substrates. Final results of the fertilizer and 

biogas composition will be made in the summer due to the particular temperature dependence of 
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the system. In order to avoid an external heating source, future investigations over the summer 

months will conclude how effective the miniature replica of the anaerobic digester can be. Figure 

50 shows a picture of our miniature experimental model.  

 

Figure 50: Anaerobic Digester experimental model 

The costs associated with constructing this experimental model are as follows: 

 

 

Line 
Item Description Size QTY Cost per Unit Accummulated cost 

1 plastic bucket 5 gal 1 2.6 2.6 

2 plastic bucket 2 gal 1 3.58 6.18 

3 plastic bucket 5 Qt 1 5.57 11.75 

4 vinyl tubing 1/2" 1 6.67 18.42 

5 bulkhead tank fitting 2" 1 25.55 43.97 

6 PVC ball valve  3/4" 1 3.05 47.02 

7 PVC ball valve  1/2" 3 2.52 54.58 

8 PVC pipe 2" 1 3.97 58.55 

9 PVC pipe 3/4" 1 2.02 60.57 

10 PVC pipe 1/2" 1 1.78 62.35 

11 
liquidtite straight 
electrical adapter 1/2 " 3 2.02 68.41 

12 
liquidtite straight 
electrical adapter 3/4" 3 2.3 75.31 

12 
liquidtite 90 deg 

electrical adapter 3/4" 1 3.05 78.36 

13 trap adapter 2" 1 3.38 81.74 

14 male adapter 2" 1 1.18 82.92 
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16 
nylon barb hose 

connector 1/2" 3 1.81 88.35 

17 electric conduit 3/4" 1 10.23 98.58 

18 PVC slip elbow 90 deg 3/4" 3 0.47 99.99 

19 PVC male adapter 1/2" 1 0.46 100.45 

20 PVC female adapter 1/2" 2 0.56 101.57 

21 PVC coupling 3/4" 1 0.87 102.44 

22 PVC male adapter 3/4" 1 0.96 103.4 

23 PVC female adapter 3/4" 1 0.47 103.87 

                  

  
   

Subtotal: 103.87 

  
   

Estimated 
tax: 7.2709 

        Total: 111.1409 

 

5.2.11. Future Research 
 

One of the most interesting finding of our investigation in anaerobic digestion options, was 

the current research being done on the digestion of food wastes in wastewater treatment plants. 

The greatest benefit of this process is the reduction of greenhouse gases associated with 

landfilling food wastes attributed as the second largest source of methane emissions in the United 

States. Food waste accounts for 18% of waste that reaches landfills in the United States. If 50% 

of the food waste that is generated in the United States were processed in a biogas recovery 

anaerobic digestion process, enough electricity would be produced to power 2.5 homes annually. 

These facts were taken from the Co-Digestion Economic Analysis tool on the EPA website.  

The importance of these efforts that have been well proven in Europe for quite some time; 

however, they are recently becoming popularized in the United States. The most essential aspect 

of promoting anaerobic co-digestion of sewage and food wastes is public education. We must 

start viewing our wastes as resources from which we can recover valuable products that benefit 

the environment and our local economies.  
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6. Recycling System and Plastics Testing 
 

6.1. Literature Survey: Recycler & Plastics Testing 
 

6.1.1. Recycler Impact 

Single use plastics are the greatest source of plastics pollution. Plastic bags, utensils, bottles, lids 

cups and others serve as a momentary convenience but do not biodegrade, therefore sticking 

around as trash and debris forever.  

6.1.2.  The plastics pollution problem  
 

      Plastics are one of the leading causes of pollution constituting 90% of all trash floating in the 

ocean (Allsop, Walters and Santillo). Slow moving currents in the ocean carry away this plastic 

as they rotate in a clockwise direction forming massive heaps of plastic trash. Plastics are not 

biodegradable, rather, they are photodegradable, the sun breaks them down into smaller and 

smaller pieces, yet they never disappear completely. Plastic particles become so small that 

wildlife mistakes them for food; consequently causing negative effects not just for oceanic 

aquatic systems but also for the humans who consume the contaminated seafood.  

     In most of the world, people have adopted the mindset of single use plastics. That is, using 

plastics for initial purposes and either recycling them or disposing of them as miscellaneous 

polluting trash. We currently recover only 5% of the plastics we produce. Roughly 50% is buried 

in landfills, some is remade into durable goods, and much of it remains “unaccounted for”, lost 

in the environment where it ultimately washes out to sea (Derraik).  

6.1.3.  Mechanical properties and characteristics of thermoplastics 
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The mechanical properties of plastic material are extremely important because nearly all 

applications involve some amount of mechanical loading. It is necessary to understand the 

properties of the plastics that will be used on a given application, to ensure that failure will not 

occur which can potentially harm someone or cause a loss of life.  Analyses on the mechanical 

properties of virgin thermoplastics such as High Density Polyethylene (HDPE) and Polyethylene 

Terephthalate (PET) have been tabulated and are available in material science books (Shah). The 

properties of these thermoplastics have been investigated by employed tests such as tensile tests, 

thermo tests, and variable loading tests. A problem arises when determining the mechanical 

properties of recycled plastics because the recycling industries are too young and detailed 

scientific studies have not been conducted in this field (Cornier-Rios). For this reason, it is vital 

to explore these mechanical properties of recycled plastic through proper testing guided by 

ASTM standards for thermoplastics. In doing these tests, we can confirm that material properties 

of recycled plastics remain unchanged and can be utilized in their intended applications. 

6.1.4.  A new concept in recycling plastics for 3D printing 
 

At the moment there is a technological revolution unfolding and creating opportunities 

for people all over the world. 3D printing has been at the forefront of this revolution, by putting 

manufacturing and design into the hands of the consumer. With 3D printing people are able to 

design something on CAD software and immediately print it. This progress in technology 

stimulates people’s imagination to find innovative solutions for local and global concerns.  The 

integration of low cost 3D printers with portable plastic recycling machines may play a large role 

in the issue of plastic pollution. 

      The greatest obstacle is to design and manufacture a compact, user-friendly plastic recycler, 

which can be easily implemented in developing nations. The recycler must have the capacity to 
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shred various types of plastics and process the shreds into a filament, which is then, the plastic 

supply necessary for 3D printing. This process enables communities to rid their environment of 

plastic trash while repurposing the trash into usable items, generating a recycling-based 

economy. One current example that has meaningfully impacted a community is ProtoPrint in 

India. Sidhant Pai, a fourth year Environmental Engineering student from MIT and the CEO of 

ProtoPrint has created affordable 3D printing services in Pune India by use of recycled plastic 

filament. This company is empowering wastepickers in urban India through the development of a 

low-cost method to convert plastic bottles and containers into 3D printing filament. This 

environmentally friendly and socially just solution is a great example of how 3D printing-

recycling technological revolution can bring significant changes towards the economic 

development of emergent nations.  

6.2. Conceptual Design: Recycler 
 

Currently there are several individual “makers” who have designed and manufactured 

their own portable plastic recyclers. Their goals have been to create a plastic recycler, which has 

the ability to take ABS and PLA plastics of pellet form, and process it into a filament form, to 

then be used for 3D printing. Our present proposal for a recycler varies from others, in that the 

RISE recycler will be able to process two types of thermoplastics. The machine is designed to 

have variable heat settings, which can be then applied to each individual plastic. This allows for 

the intake of the most common plastics, which compose most of the world’s plastic trash 

material, such as polyethylene terephthalate PET and high density polyethylene HDPE. 

Currently, there are two basic types of recyclers in the market, simplified filament extruders and 

complex filament extruders.  
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The Filastruder, Figure 51, is a simplified filament extruder.  This machine is designed to 

produce filament at a low extrusion rate and does not contain the ability to process multiple types 

of plastics. This is due primarily to the fact that in order for various types of plastics to be 

extruded, the drive shaft must rotate at variable speeds. The speed will vary based on the 

viscosity of the plastic when it reaches its melting temperature. Molten plastic, which is more 

viscous, will require the drive shaft to rotate at less of a rate than that of a less viscous plastic, 

simply because less pressure is required to extrude from the nozzle, where as a lightly viscous 

material will require more pressure in order for the resulting filament to be free of imperfections, 

such as air bubbles and exterior scaling. This particular design contains a constant speed motor, 

which will allow for an extrusion rate suitable only for one type of plastic, primarily ABS plastic, 

a highly used plastic for 3D printing. 

 

Figure 51: The filastruder. A simplified filament extruder 

 

The Recyclebot, Figure 52, is an example of a complex extruder. A complex extruder varies 

from simple extruders in that it is capable of processing multiple types of plastics. In this design 

a microcontroller is used to control the current received by the motor, which then allows for 
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adjustable drive shaft speeds. As mentioned before, varying drive shaft speeds are necessary to 

process plastics which have different viscosities.  

The design and main components of the two types of extruders are fundamentally the 

same, although the addition of a microcontroller gives the user more functionality out of the 

same components. Algorithms are written and implemented into the microcontroller in order to 

obtain variations in motor speeds as well as heating element temperatures. Both of these 

variables need to be optimized in order to produce a filament which may be considered usable 

for 3D printing. 

 

Figure 52: Recyclebot: Complex Filament Extruder 

 

6.3. Proposed Design 
 

The recycler is designed to extrude molten plastic at an average rate of 4 ft/min.  It is also 

capable of processing different types of plastics. It achieves a 4ft/min extrusion rate by 

optimizing the algorithm used to control both heating element temperatures and drive shaft 

speeds. The recycler contains the ability for the user to select heating and motor speed settings 
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by a press of a button. There are 3 buttons, which are programmed to activate the proper 

combination of motor and temperature settings for the extrusion of three types of plastics.  

 

       In order for the plastic waste to process through the recycler, the plastic particles entering 

the recycler must be no larger than ¼” in every direction. In order to obtain plastic particles of 

this size it is necessary to shred the particle until it reaches the required dimensional range. A 

custom-made tool steel shredder is used to reduce the size of the particles. The shredder is 

integrated onto the foundation of the recycler, and contains a bin placed beneath it in order to 

collect the shredded particles of plastic. These plastic bits will then be processed through the 

shredder again until the required dimensions are met, or it is dumped into the hopper, where the 

particles are driven through a shaft and into the heating chamber, where the bits of plastic then 

melt to the desired temperature and extruded through a nozzle of 1.75mm in diameter 

 

 
Figure 53 Lyman Recycler Source: Lyman 
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6.3.1. Design of plastic shredder housing 
 

The manual plastic grinder, or shredder, is an integral component for the recycler system 

in which the plastic particles will be shredded to the appropriate size for optimal extruding. The 

first proposal of the plastic grinder was to integrate it as a part of the foundation of the recycler, 

but after several discussions the team decided it was best not to bolt down the 10 pound grinder 

to the base. The main reason was due to the lack of portability of the recycler and the high 

torsional stresses that may cause the base to fracture or wobble when grinding plastic. Due to 

these factors, a portable plastic grinder composed of a wood housing was taken in to 

consideration. In addition, the housing of the grinder will contain a cavity for the insertion of 

cabinet like feature to store the grinded particles of plastic. 

 

 

Figure 54. CAD rendering of shredder housing 
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Appendix III shows a detailed description of the shredder housing construction.  

6.3.2. Wiring diagram 
 

The following wiring diagram illustrates the proposed electrical connections for the finalized 

recycler.  

 
Figure 55. Recycler Wiring Diagram 

6.4. Analysis of Recycler & Plastics testing 
 

6.4.1. Plastics Shredder  
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Figure 56. Finalized assembly of shredder 

Figure 56 shows the shredder installed within its wooden housing 

 

Figure 57. HDPE sample 

 

Figure 57 an HDPE detergent cap used to test the shredders capacity to shred HDPE into the 

necessary 1/4 in dimension. 
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Figure 58. Post grinding plastic fragments 

Figure 58  shows the first pass of the laundry detergent cap going through the shredder. 

 

Figure 59. Size distribution of plastic fragments 

 

Figure 59 shows the varying sized shredded pieces of the once laundry detergent cap. 
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Figure 60. 1/4  inch plastic fragment 

 

Figure 60 shows the desired 1/4 in HDPE piece. About 50 percent of the shredded pieces were 

within the desired size range.   

6.5. Structural Design 
 

 

 

 
Figure 61: Recycler Design 
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Figure 62: Manual plastics grinder 

Figure 61 shows a CAD model of the components that make up the recycler. Initially the plastic 

waste must be thoroughly washed. Then, the cleaned plastic is inserted in the manual grinder 

Figure 62, in which the plastic becomes very finely grinded.  This shredded plastic is input into 

the hopper, and subsequently pushed toward a heating element aided by a geared motor and an 

auger bit. Once the plastic becomes molten it is extruded through a nozzle at a diameter of  

1.75mm to then be cooled and wound on a spool where the recycled plastic is stored for later use 

on a 3D printer.   
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Figure 63: Extrusion chamber materials 

 

Figure 63 shows the materials necessary to construct the extrusion chamber and heating 

section. A 1 inch schedule 80 steel pipe will serve as the extrusion chamber. Within the pipe a 1 

inch steel auger bit will rotate so that to move the shredded bits of plastic towards one end. The 

auger will rotate by means of a stepper motor coupled at the shafts. The steel pipe will have a cut 

out so that the plastic bits may be dropped in and moved towards the heated area. In order to heat 

up the plastic so that it becomes molten there will be an aluminum sleeve which will slide onto 

the extruding end of the steel pipe. The aluminum sleeve will have housed a cartridge heater 

which will heat up the Aluminum and consequently heat up the steel pipe along with the plastic 

bits which collect near the extruding end of the pipe. At the extruding end of the steel pipe will 

be a brass nozzle which will thread onto the steel pipe. The nozzle would have an exit diameter 

of 1.80mm. The desired filament diameter is 1.75mm, but because the extruded plastic will 

contract about .05mm a 1.80mm nozzle will be used to compensate for contraction of the plastic 

once cooled. 
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In order to control the temperature of the cartridge heater a temperature controller will be 

used, which allows the user to input boundary conditions. A high and low temperature value 

would be entered and the cartridge heater would fluctuate between those temperature boundaries. 

The extruder will be anchored onto a wooden frame, which will allow the 5 N/m of torque 

applied from the stepper motor onto the auger bit to transmit efficiently. 

Schedule 80 1 inch pipe purchased, but the pipe was heat rolled, which made an extruded 

seam along the inside of the pipe. The pipe had to be drilled through using a 1 inch drill bit so 

that to clear out the seam. A 6061 Aluminum cylinder solid was purchased to make the sleeve 

where the cartridge heater and thermocouple will be installed. The aluminum cylinder must be 

machined to fit the schedule 80 steel pipe through the center, the cartridge heater between the 

wall and the steel pipe and the same configuration for the thermocouple but rotated 90 degrees. 

6.5.1. Electronics 
 

The extruder requires a few electronics items for it to function. A cartridge heater, PID 

Temperature controller, and a stepper motor. The cartridge heater will be connected to the PID 

temperature controller through a solid state relay, which will allow the temperature controller to 

adjust the temperature of the heater depending on the temperature data received from the 

thermocouple which is connected also to the PID temperature controller. Both the heater and the 

thermocouple will be placed inside the slotted hole in the aluminum barrels and will act as an 

open loop system, where the cartridge heater temperature will vary depending on the 

thermocouples temperature readings. The PID temperature controller had to be programmed so 

that to communicate to the heater under what conditions it would turn on and off. After much 

trial and error as to what temperature range to keep the heater at we concluded that a temperature 

range from 200 to 230 degrees Fahrenheit would produce ideal filament extrusion. Too high of a 
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temperature would create bubbles in the filament, while too low of a temperature would create 

flaking of the surface of the filament as it would extrude. The relay acts as a switch which allows 

current to flow to the heater if the PID temperature controller receives data from the 

thermocouple indicating if it is reaching its programmed temperature boundary. All of these 

components will be powered directly from the wall at AC current. 

The stepper motor on the other hand will be powered by a 6V wall wart which will then have a 

voltage regulator to bring down the voltage to 3V so that it won’t cause any harm to the motor 

which requires 3V and 1.68 amps. The stepper motor will be connected to an Arduino 

microcontroller which will also have mounted onto it a motor shield, which acts as protection for 

the Arduino so that it can funnel a constant stream of current to the stepper motor when 

necessary. Connecting the Arduino to a microcontroller allows us to program the motor to rotate 

at any rpm desired. We will have a potentiometer connected in series with the motor and 

microcontroller so that the user may alter the rpm of the motor as well. Varying rpm will 

increase or decrease the extrusion rate by forcing more or less shredded plastic into the heated 

section of the extrusion barrel by means of a steel auger. 

6.6. Machining  
 

There were several pieces of metal, which needed to be machined in order to obtain the desired 

extruder design. The first piece of metal to be machined was the schedule 80 steel pipe. The pipe 

was cut at a length of 9 inches and four threads were tapped onto the nozzle end of the pipe in 

order to install four setscrews to keep the nozzle in place once placed inside the steel pipe.  The 

steel pipe also had a 3-inch rectangular cutout from its center 1 inch away from the starting end. 

The aluminum cylinder was drilled using a 1-inch drill bit through its center all the way through 

its length.  Two smaller holes were drilled into the side face of the aluminum sleeve in order to 
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fit the cartridge heater and thermocouple. The nozzle was machined from a 6061 aluminum 

cylinder. A 1.80 mm diameter hole was drilled into its center. A rectangular cutout 0.25 inches 

deep was cutout around its circumference so that the setscrews would fall into place and keep the 

nozzle from coming out of the steel pipe. A 60 degree cone was cutout from the nozzles entrance 

in order to allow plastic to enter the nozzle at a faster rate. 

6.7. Extrusion Results  
 

 

Figure 64: Completed Extruder Prototype 

Figure 64 is our completed initial prototype for the extruder. The temperature controller operates 

on AC power and feeds current to the solid state relay. This device controls the temperature of 

the cartridge heater by switching on and off once the desired temperature is obtained. The auger 

bit is fitted into the aluminum sleeve which receives the heat produced by the cartridge heater.  

 Initially we attempted to extrude at 230°F but this temperature was too low for the plastic 

to become molten   
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Figure 65: Filament extrusion results 

We began to improve the quality of the filament as we increased the temperature of the cartridge 

heater until we reached 350 degrees. The top filament has an average diameter of 1.60mm, while 

the bottom filament has a average diameter of 1.75mm. The bottom filament also yielded the 

smoothest outer surface, which was a result of auger speed and temperature. 

 

Figure 66: Test filament 24-inch filament sample extruded at 4 ft per minute 

Figure 67 displays how we were able to reach our goal of extruding at a rate of 4 feet per 

minute. The above sample measures 2 feet in length and was extruded in 30 seconds.   
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6.7.1. Future Research 
 

Future plans are to invest more money into the extruder to make it aesthetically appealing and 

transform it into a marketable consumer product. Consumer level 3D printers are becoming more 

and more affordable for the masses but filament costs seem to remain the same. A filament 

extruder, like our own, would be a great solution to those who would like to cut the cost of 3D 

printing significantly. One would be able to recycle any bad or unused prints into usable 

filament. This would then create an environment for creativity, because now the user would not 

need to worry about the cost of printing. The user would then be able to print as much as they 

would like without having to continually invest in filament. And if they decide to recycle other 

thermoplastics, such as HDPE and PE, which are the materials used to make water bottles and 

the like, then they would be able to contribute in decreasing plastic trash within their 

communities, which consequently helps the economy and those around them. 

 

6.8. Laboratory testing of thermoplastics   
  

A proper investigation of the mechanical properties of (HDPE) High Density 

Polyethylene and Polyethylene Terephthalate (PET) must be performed to ensure these 

thermoplastics do not weaken after the recycling process. The high density polyethylene plastics 

and polyethylene terephthalate are mainly utilized in milk jugs, water bottles, caps, detergent 

containers etc. Once processed, the material properties of the (HDPE) and (PET) can possibly be 

altered. In order to successfully and safely use the recycled printed products, a series of 

laboratory tests to ensure that a satisfactory material property must be performed. The test 

sample can be fabricated through the 3-D printer and sized according to the ASTM standard 
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D638 Type 1 for plastic testing. Figure 67 shows the test specimen to be used based on the 

ASTM standard for plastic testing. 

 

Figure 67: Test sample 

The test sample was dimensioned according to ASTM standard D638 for plastic testing for a 

type 1 configuration as denoted in Table 18. 

 
Table 18: ASTM Standard dimensions for test sample Type 1  

Description ASTM (in) ASTM (mm) 

Wo .75 19 

R 3 76 

L 2.25 57 

W .5 13 

D 4.5 115 

Lo 6.5 165 

 

With this test sample and the tensile testing apparatus, the following properties of the recycled 

plastic can be calculated: strain, elongation, yield strength, modulus of elasticity, and ultimate 

strength. For the tensile strength testing, the yielding point of the specimen and at break (ultimate 
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strength) can be calculated. Yield strength is the stress at which a material exhibits a specified 

limiting deviation from the proportionality of stress to strain which occurs at the yield point 

(Shah) as shown in Figure 68. 

                           
                     

                  
 

The ultimate strength can be noted as the point where the test specimen breaks, and is expressed 

in the following equation: 

                           
                      

                  
 

Along with tensile strength, other important mechanical properties that we evaluated are tensile 

modulus and elongation. Tensile modulus or modulus of elasticity is the ratio of stress to 

corresponding strain below the proportional limit of a material (Shah). 

                 
                    

                                  
 

Furthermore, were able to calculate the strain for the test sample which is the change in length 

per unit of the original length. 
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Figure 68: Stress-Strain Curve Source: (Zeus Industrial Products, Inc) 

Following ASTM standards for tensile testing for plastics, it is obligatory to test the sample a 

minimum 5 times to achieve accurate results. With a series of tests an average value of modulus 

of elasticity, yield strength, ultimate strength, and strain can be attained to properly analyze 

products, specifically the pico-hydro turbine.   

6.9. Cost Analysis 
 

 

The following costs are associated with the construction of the recycler.  

 

 

 

 

LINE 
ITEM 

DESCRIPTION SIZE QTY 
COST PER 

UNIT 
ACCUMULATED 

COST 

1 TOOL STEEL SHREDDER 6.2X4.5" 1 $468.00 $468.00 

2 1/2" BLACK IRON COUPLING 2" LONG 1 $2.44 $2.44 

3 1/2" INSULATION BOARD 2"X2" 1 $12.00 $0.19 

4 1/2" MDF BOARD 2'X2' 4 $1.25 $5.00 

5 1/2" PIPE NIPPLE 10" 1 $6.27 $6.27 
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6 1/4" BOLT 1-2/4" 4 $0.21 $0.84 

7 1/4" BOLT 2-1/4" 2 $0.28 $0.56 

8 1/4" BOLT 1-1/4" 4 $0.15 $0.60 

9 1/4" BOLT 1-1/2" 8 $0.17 $1.36 

10 3/16" STL FLAT BAR 1-3/4" 9 $0.36 $3.24 

11 ALUMINUM FLAT BAR 
1/2X1-1/2X1-

1/2 1.6 $0.43 $0.69 

12 ALUMINUM FLAT BAR 
1/8X1-1/4X1-

1/4 1.35 $0.12 $0.16 

13 ALUMINUM FLAT BAR 1/8X1/2X1" 6.6 $0.08 $0.53 

14 AUGER DRILL BIT 5/8" DIA 1 $8.00 $8.00 

15 BAND HEATER 1-1/2" 1 $21.46 $21.46 

16 BICYCLE CHAIN 1/2" 0.5 $8.80 $4.40 

17 BRONZE FLANGED BEARING 3/8' 1 $0.62 $0.62 

18 BUMPER FEET .62X.31 4 $0.25 $1.00 

19 CABLE CLAMP 1/4" 1 $0.05 $0.05 

20 CAP SCREW M4-35 3 $0.25 $0.75 

21 CAP SCREW M3-14 3 $0.15 $0.45 

22 COLLAR 10mm 1 $2.34 $2.34 

23 FAN 24V 40X40X10mm 1 $4.28 $4.28 

24 HOOKUP WIRE VARIED 8 $0.12 $0.96 

25 NUTS 1/4" 24 $0.06 $1.44 

26 NUTS LOCK M4-35 3 $0.11 $0.33 

27 PHENOLIC LABEL 1/8X1+X1+ 1.2 $0.12 $0.14 

28 
PID TEMPERATURE 

CONTROLLER TA4 1 $24.99 $24.99 

29 PLA FILAMENT 1.75 OR 3mm 0.5 $17.85 $8.93 

30 POWER SUPPLY 24V OUT 120V IN 1 $23.99 $23.99 

31 SCREWS #4 1/2" OR LESS 4 $0.02 $0.09 

32 SCREWS #8 1/2" OR LESS 3 $0.05 $0.15 

33 SET SCREW M5X15 1 $0.28 $0.28 

34 SOLID BRASS PLUG 1/2" 1 $2.36 $2.36 

35 SOLID STATE RELAY 24V-120V 1 $4.96 $4.96 

36 SWITCHES SPST 3 $0.75 $2.25 

37 THERMOCOUPLER TYPE K 1 $1.00 $1.00 

38 THRUST BEARING 7/16" 1 $2.72 $2.72 

39 VOLTAGE REGULATOR 24V IN 1 $9.99 $9.99 

40 WASHER 5/16" 1 $0.06 $0.06 

41 WASHER 1/4" 20 $0.03 $0.64 

42 WASHER M4  6 $0.08 $0.48 

43 WASHER M3  3 $0.02 $0.06 

44 WIPER MOTOR 12V 1 $16.99 $16.99 
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SUBTOTAL: $636.04 

  
   

ESTIMATED 
SHIPPING: $70.01 

        
TOTAL 
COST: $706.05 

 

7. Timeline  
 

Figure 69 depicts our proposed timeline for project completion 

 

ACTIVITY 
 

PERIODS 
         

  

Aug Sep Oct Nov Dec Jan Feb Mar Apr  

    1 2 3 4 5 6 7 8 9  

Research & Design 
          

 

Preliminary Research 
          

 

Conceptual Design 
          

 

Modeling & Simulations 
          

 

Manufacturing/Testing/Analysis 
          

 

Parts Acquisition 
          

 

Recycler Assembly 
          

 

Material Testing 
          

 

Hydro turbine printing 
          

 

Energy System Assessment 
          

 

Rain Harvesting/Filtration 
Assembly 

          
 

Field Testing Analysis 
          

 

 
Figure 69: Timeline 

8. Cost Analysis 

8.1. Cost Analysis of Prototypes 
 

This section presents the economic analysis for the individual components constructed and 

studied in this thesis. Table 19 presents an itemized description of the components purchased to 
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complete the solar data acquisition system. The other required components such as the inverter, 

charge controller and solar panels were repurposed from a prior senior design project.  

 
Table 19: Energy Unit Prototype Cost 

LINE 
ITEM 

DESCRIPTION QTY COST PER UNIT ACCUMULATED 
COST 

1 4-AGM BATTERY WITH CONNECTION PARTS 1 $740.00 $740.00 

2 OUTBACK MATE 3 1 $545.00 $545.00 

3 60A PANEL MOUNT VDC BREAKER 1 $19.50 $19.50 

     

SUBTOTAL   $1,304.50 

SALES TAX (7%)   N/A 

SHIPPING AND HANDLE   $48.15 

TOTAL    $1,352.65 

 

The total amount spent on prototypes (Table 20 )was approximately 2,500. Outside funding 

sources covered $1850, the remaining $566 was covered by the students.  

 
Table 20: Total Prototype Cost 

Item Prototype Cost 

Recycler $706.05 
Water Wheel Turbine $248.93 

Anaerobic Digester $111.14 

Energy Unit $1,352.65 
TOTAL $2,418.77 

 

 

The component which required the most funding was the completion of the solar charging 

station/ solar data acquisition system. From Figure 70 it can be seen that this component 

accounted for over 50% of the total expenses.  
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Figure 70: Total Prototype Cost Pie Chart 

 

 

8.2. Estimated Cost Analysis for model Community 
 

The following economic analysis was obtained for the energy, water, sanitation and recycling 

components of a ten home model community.  

Item Estimated Cost 

Solar Power $       14,300.00 

Hydro System $         1,800.00 

Anaerobic Digester $         2,494.00 

Recycler $          700.00 

TOTAL $       19,294.00 

 

Prototype Cost 

Recycler

Water Wheel
Turbine
Anaerobic
Digester
Energy Unit
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The major cost associated with the implementation of this project in a model community comes 

from the solar energy component. Roughly $20,000 would need to be invested into the 

implementation of our proposed integrated solution. The intangible environmental, health and 

social benefits of having a zero-waste, independent, off the grid community are invaluable. The 

calculations for the cost of the solar power come from the following assumptions: 

Item Quantity Unit Cost Totals 

Inverter 1  $  1,600.00   $    1,600.00  

Charge 
Controller 

4  $     525.00   $    2,100.00  

Solar Panels 20  $     390.00   $    7,800.00  

12 V Battery 20  $     140.00   $    2,800.00  

  TOTAL:  $  14,300.00  

 

Installation costs for the solar system are not accounted for.  

The hydro system costs come from a literature review of a micro hydro power generation 

analysis for rural villages (Hermann). The anaerobic digester construction costs were calculated 

as a function of the required biogas for the cooking needs of the entire community Section 5.2.9. 

And finally, the recycler costs used are simply the costs that we incurred to manufacture our 

prototype recycler since this technology is not yet available to the public.  
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Figure 71: Estimated Costs Pie Chart 

As can be observed in Figure 71, the solar energy system accounts for over 75% of the total  

calculated costs.  

 

8.2.1. Funding Options 
 

Since our project focuses on many of the world’s most pressing issues such as energy poverty, gl 

 Government grants 

 Bilateral trust funds that support clean energy projects 

 NGOs 

o Environmental Conservation Agencies 

o Community based Organizations 

o Food & Health Foundations 

 

 

 

Solar Power

Hydro System

Anaerobic Digester

Recycler
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8.3. Engineering Hours  
 

Table 21 itemizes an estimated quantification of each individual’s time spent working on the 

project.  

 
Table 21: Engineering hours 

 

Hours for Fall 
Projected Hours for 

Spring 

Task SB  BC ME PD ND SB  BC ME PD ND 

Meeting 32 32 32 32 32 36 36 36 36 36 

Research 12 6 4 16 7 3 5 5 3 3 

Presentation 10 4 4 10 2 5 5 5 3 3 

Design 3 5 6 3 2 2 8 8 4 2 

Writing 10 8 2 17 4 10 10 10 10 10 

Building 5 0 0 5 0 12 12 14 12 12 

Field Testing 0 0 0 0 0 10 10 10 10 10 

Troubleshooting  0 0 0 0 0 8 8 8 8 8 

Total per 
member 

72 55 48 83 47 86 94 96 86 84 

Total per 
semester 

        258         446 

 

SB: Sergio Baltodano 

BC: Babacar Cisse 

ME: Michael Enriquez 

PD: Paola Davalos 

ND: Natalia Duque 
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9. Conclusion 
 

R.I.S.E. “Renewable & Integrated Systems of Energy” is the first step in assessing the 

efficiency of the technological components that make up an off the grid sustainable community. 

The objectives of our proposed model were met in the following ways. The recycling unit was 

able to extrude recycled PLA at a rate of 4ft per min. The initial diameter of the filament 

obtained was inconsistent throughout its length. After varying the temperature settings and 

altering the rotational speed of the auger, a more consistent diameter within the range of 1.8mm 

was obtained. The team successfully set up a solar charging station in the east side of the FIU 

Engineering Center for the benefit of students and faculty. Through this, valuable solar data was 

acquired that accounted for the actual efficiencies of our solar array. The calculated efficiency of 

our system is approximately 50%. A model ten home village was assessed in order to validate 

how the different components of our project can be integrated. Based on the basic electricity 

needs for this model community, 88% of these needs can be met using a 420 W PV array for 

each household. 

Wastewater originating from a household was assessed in two ways. If a community has a 

connection to a main sewage line or septic tank, it would not need to treat its black-water. 

However, grey water containing soaps and organic residual wastes can be treated in constructed 

wetlands. These constructed wetland systems were investigated in order to size a grey-water 

treatment scheme for our model community. The resulting economic analysis showed an 

approximate investment of $550 needed to construct a wetland that can treat a daily flow rate of 

0.345 cubic meters of grey water. The other wastewater treatment option analyzed was an 

anaerobic digester. The co-digestion capabilities of a digester were investigated in which various 

types of substrates can be processed in order to increase biogas production and quality of 
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effluent. Possible applications for the effluent were found to be: soil amendments, fish ponds and 

algae ponds in which the algae produced can then be used as feedstock to generate more biogas. 

Biogas was found to have a methane content of 65%. The designed bio-digester of 10 m
3 

can 

potentially produce enough cooking gas for 3 daily meals for 10 homes. The operational 

parameters that need to be monitored for proper functioning of the proposed digester are: 

pH=neutral, hydraulic detention time=40 days and Carbon to Nitrogen ratio of 30. 

            Rain harvesting and slow-sand filtration were investigated in an effort to harness an 

underutilized water source and provide a community with water storage options and an effective 

means of cleansing the water. The bio sand filters were noted to greatly improve the 

bacteriologic, physical and chemical properties of water. In order to harness energy from water, a 

pelton-turbine was designed for variable head, constant volume applications. The initial results 

proved that a pelton-wheel can be successfully manufactured with plastic using a 3D printer and 

the adhesive used to join the paddles with the disks did not dissolve in water. Further testing 

must be done to assure resistance of turbine under high water pressure. 

Our ongoing goal is to continue working in a multi-disciplinary environment to create user-

friendly manuals and guides on how to build, maintain and operate these systems.  The last step 

is creating a network of collaborators from various sectors to generate awareness and 

cooperation for the actual implementation of these systems in participating rural communities.  
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Appendix I: Detailed Engineering Drawings of Recycler Parts 
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Appendix II: Revised Engineering Drawings of Recycler Parts 
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Appendix III: Design of the Shredder Housing 
 

We initially gathered the supplies needed to build the grinder housing which included 

plywood, nuts and bolts, and woodscrews. The required tools used for the construction were 

comprised of a table saw, tape measure, drill with assorted drill bits, screw driver, wrenches, and 

ratchet. The process began with cutting pieces of the 2x4 3.75 inches long as shown on Figure 

72. 
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Figure 72. Front view of workspace 

Then, four ¼’’ holes were drilled on the brackets of the grinder and on the 2x4 pieces of wood. 

The 2x4 pieces will then slide through the bracket, and then four ¼’’ diameter and 3 inch long 

bolts will be inserted through the bracket and secured using ¼’’ nuts and lock washers.  

 

Figure 73. Top view of shredder 

Figure 73 shows the resulting plastic grinder with the 2x4 pieces inserted and bolted down on 

the bracket. 
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Figure 74. Side view of embedded wood bracket 

The following step involves screwing two 2x4’s that are 7’’ long on the wood embedded bracket 

for stability and so it also be screws to a plywood base. Standard flat head Phillip’s # 12 1-1/2’’ 

long wood screws will secure the longer 2x4 to the embedded wood bracket as shown on Figure 

74.  

 

 
Figure 75. Front view of shredder side supports 

 

Lastly, we attached the back cover made of plywood with a width of 6.75” and length of 7”, as 

well as the base of the housing with width of 7” and length of 8.25’’ using the same wood screws 

used before. Figure 75 shows the final product of the plastic grinder housing with a cavity for 

the addition of a cabinet feature to collect the plastic particles. Further development will be 

taking place in order to add handles for the portability of the plastic grinder. 


