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Executive Summary  

This report outlines the research paper plan for next semester. The research paper will compare 

mathematical predictions for the efficiency and emissions of solar cookers and improved biomass 

cookstoves with efficiency and emissions values obtained through testing. The team’s findings 

will help future capstone teams develop and test improved cook stoves and solar stoves which will 

reduce harmful cooking emissions, reduce wood collection time, and provide economic 

opportunity for the women of Lesoit, Tanzania.  

The team has also created a survey which will provide information on health issues, fuel use, and 

experience with alternative cooking methods. This survey will be taken to Lesoit for the summer 

2016 trip. It is important that any cooking alternatives be made from inexpensive locally available 

materials to provide an economic opportunity in their manufacture and sale. For this reason, a 

materials list was included for each of the cooking alternatives. 

For emissions testing, the improved cookstoves will be tested for Carbon Monoxide (CO) and 

Particulate Matter (PM), as they are primary contributors to emissions related health problems. 

The testing procedure and analysis which will be used is that in the Water Boiling Testing version 

4.2.3. Predictions will be made using the three heat transfer mode equations and the finite 

difference method in Matlab.  

The design and reasoning for each cooking alternative which will be tested and analyzed is also 

provided, as well as a project plan which outlines the specific tasks which will be completed next 

semester. 
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1. Background and Clients 

The village of Lesoit is located in the Manyara region of north-eastern Tanzania in Southeast 

Africa. The population of the village is two thousand people and twenty thousand cows [1]. To 

obtain water for drinking and other household uses, the women of Lesoit usually walk 2-3 miles 

to the community well and benefit from the use of rainwater during the rainy season. The women 

also spend a large amount of time collecting wood from the forest for cooking. Daily sunlight 

averages 12 hours per day throughout most the year, but in April the sunlight drops to around 6 

hours per day due to the rainy season [2]. Figure 1 shows the village location [3]. There are three 

sub-villages within Lesoit, and they are all located around the center sub village of Changombe.  

The women of Lesoit typically use the three-stone cooking stove, and some use the jiko charcoal 

stove. The smoke from these stoves helps to prevent pests and treat ceilings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The village of Lesoit location [3] 
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2. Problem Statements and Goal 

The majority of cooking in Lesoit is done by women using three stone stoves. These stoves consist 

of a fire surrounded by three stones upon which a cooking pot is placed. The fuel for these stoves 

is wood from the forest which surrounds the village. As a result of these cooking practices, indoor 

air quality is very poor and the time required to collect the wood fuel is significant. Studies show 

that indoor air pollution can cause serious health problems such as reduced birth weight, increased 

risk of chronic respiratory conditions, acute respiratory infections, and eye irritation and blindness  

[4] [5] [6]. Additionally, the time investment required for wood collection reduces the amount of 

time which these women could spend on educational, entrepreneurial, or other beneficial pursuits. 

By studying the emissions and performance of different cooking alternatives, a number of suitable 

designs can be introduced which will reduce health issues stemming from emissions exposure and 

reduce wood collection time either through improved cooker performance or increased use of 

alternative fuel sources such as manure or solar power. 

 

3. Survey 

This survey will provide information about current cooking practices, health, and other 

background information relevant to this project. 

 

Health  

These questions are intended to gather background information on the current health of those 

exposed to cooking emissions.  

 

1. Do you wear any form of smoke protection such as a bandana?  

2. Would you be willing to wear smoke protection?  

3. Have you ever suffered eye or lung issues from smoke exposure?  

  

Fuel  

These questions are intended to gather information on current fuel use.   

 

4. Do you dry firewood before using it? If so, for how long? 

5. How much time per week do you spend collecting wood?  
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6. Have you ever made charcoal out of manure?  

7. How much wood do you use per week for cooking?  

  

Emissions and Exposure  

These questions are intended to gather information on kitchen ventilation and the degree to which 

the women of Lesoit are exposed to cooking emissions. 

 

8. How long do you spend cooking?   

9. Are you continuously in front of the stove when cooking or do you walk away periodically?  

10. Does your kitchen become visibly smoky when you cook?  

11. Does the rest of the home become smoky when cooking?  

12. Do you light fires for heat? If so how much wood do you go through per week for heating?  

13. How many openings does your kitchen have?  

14. Would you be open to the increased kitchen ventilation such as more openings or a cooking 

chimney/smoke hood?  

15. How often do you cook indoors vs outdoors?  

 

Experience  

These questions are intended to help our group understand the previous experiences of the women 

of Lesoit with methods to reduce emissions exposure and improve health.  

 

16. What time of day do you cook? Would you be open to cooking more during midday? (solar 

cookers) 

17. How long does each meal take to cook on average?  

18. Have you ever used an improved cookstove such as a jiko? If so what did you think of it?  

19. What features would you like in a stove? Portability, ease of maintenance, ease of use, etc.  

20. Have you ever used a solar cooker? If so, what did you think?  
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4. Materials  

The cook stoves that will be tested will be made out of local materials available in the village of 

Lesoit. Local materials are ideal to the women, as they can buy them and build the stoves 

themselves. Durability is also considered when choosing the materials to ensure that they will last 

a long time. The Bill of Materials was created to be sure that every part needed for the stoves is 

accounted for. This helps the team to have a specific capital cost of each cook stove. The cost of 

some parts are not available in the United States but are to be obtained on the Tanzanian summer 

2016 trip. Carbon Monoxide emissions testing tubes prices are also listed, and added to the Bill of 

Material to give the team a clear idea of how much the testing will cost.   

 

Table 2: The bill of the materials used by the team 

Alternatives 

and Testing 

material 

Parts and devices needed Quantity Price ($) 

Air quality 

testing 

 

 

Gastec (Gas Sampling Pump) 1 N/A 

Glass tubes (Drager tubes) to 

test Carbon monoxide (CO) 

20 testing Drager tubes 140,[7] 

Met One Model 212 1 N/A 

Three stones 

stove 

Wood 5 lb (Tanzania) 

Base material Three average to big size  stones N/A 

Jiko stove Jiko (The stove itself ) 1 (Tanzania) 

Wood and manure 5 lb each (Tanzania ) 

Gasification 

stove 

Aluminum or steel or 

stainless steel 

# ft2 area and # ft thickness (Tanzania ) 

Wood and Manure 5 lb each (Tanzania ) 

Rocket Stove Aluminum or Steel 1 ft2 area and 0.1in thickness (Tanzania) 

Solar stove 

 

 

 

Reflector 1 Mylar Roll 30, [8] 

Absorber One Copper pipe (Black Matte Paint) 15, [8] 

Design  with Insulation Wood 30, [8] 

Tracking system 2 of 5 watts solar panels 40, [8] 
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Air Quality Testing Materials 

For the emissions testing, the group is going to test for particulate matter (PM), and carbon monoxide 

(CO).  In order to conduct these tests successfully a particle counter is needed as well as the dragger 

pump and a dragger emissions testing tube. The particle counter that the group planning to use in Met 

One Model 212, which is available at Northern Arizona University (NAU) environmental engineering 

lab. The particles sizes that Met One can observe and count are between 0.5um to 10um [9]. Met One 

works using a laser-diode based optical sensor in order to observe the particular matter based on the 

ranges of sizes needed. The particle counter must be installed on a top of the tripod indoor or outdoor 

to collect the data needed. The Gastec GV-100/110 Gas Sampling Pump is the device that will be used 

to drag air into the dragger tube in order to test for specific emission like Carbon Monoxide [10]. It is 

available in the environmental engineering labs at NAU. The Drager tubes needed to test for CO are 

Dräger Tube Carbon Monoxide 2/A 2-300 ppm Draeger 6733051 to test for CO between the ranges of 

2-300 ppm in concentrations and Dräger Tube Carbon Monoxide 5/C 5-700 ppm Draeger 

CH256016733051 to test for carbon monoxide between the ranges of 5-700 ppm in concentrations [11]. 

The tubes work by breaking the top and bottom glass ends then connecting the top end to the pump. 

After pulling air through the tube a change in color will occur indicating the concentration of 

carbon monoxide.  

 

 

 

 

Figure 2:  Gas Sampling Pump available at NAU environmental lab [10]. 
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5. Testing and Predictions 

To understand which factors make a particular stove design effective, the team will use heat 

transfer equations to predict the performance of several improved cook stoves and compare the 

results to those obtained through testing and analysis. The team’s findings will help future capstone 

teams develop and test improved cook stoves specifically suited for use in Lesoit, Tanzania. 

 

 

 

 

 

 

Figure 3: Drager glass tubes to test the 
concentrations of carbon monoxide [11]. 

Figure 4: Met One Model 212 [9]. 
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5.1 Testing Protocol 

 

Improved Cookstoves 

The testing which will be used is “The Water Boiling Test version 4.2.3, Cookstove Emissions 

and Efficiency in a Controlled Laboratory Setting” [12]. Originally developed in 1982 by 

Volunteers in Technical Assistance, this protocol for testing stove performance has been updated 

several times by groups from UC Berkley, the Aprovecho Research Center, Engineers in Technical 

and Humanitarian Opportunities of Service, and the Global Alliance for Clean Cookstoves. This 

test has been used in a number of studies [13] [14] [15]. 

This test consists of three phases designed to obtain data which will allow for comparison between 

stoves and insight into stove performance in different circumstances. These phases are the cold 

start, hot start, and simmer. The cold start phase examines how well the stove performs in bringing 

room temperature water to boil when both pot and water begin at room temperature, while the hot 

start begins with room temperature water and a pre heated pot. The simmer tests how well the 

stoves perform in a function similar to real world cooking, by simmering water at Tsimmer = (Tboil – 

3° C) for 45 minutes. For full instructions see pages 13-19 of the Water Boiling Test version 4.2.3 

in appendix A, [12].  

 

 

Figure 5: Water Boiling Test phases [12] 

     

 



12 
 

Items needed for this testing include stop watch, chemical hood, particle counter, carbon monoxide 

Drager tube, scale, fuel, oven for drying fuels to constant moisture content, thermometer, and pots 

of various sizes. Data including time to boil, initial mass of water, final mass of water, initial mass 

of fuel, final mass of fuel, mass of char/ash, initial water temperature, final water temperature, 

number of particles released, and carbon monoxide concentration will be collected and used to 

analyze the performance of each stove.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solar Stoves 

The solar testing and performance standard ASAE S580.1 by the American Society of Agricultural 

and Biological Engineers will be used to evaluate and compare solar cookers [16]. To begin, each 

cooker will be loaded with an equal share of 7kg of potable water, which will be weighed to 

determine mass. Wind speed and air temperature will be recorded to ensure relative uniformity in 

testing conditions. Water temperature will be recorded at ten minute intervals in degrees Celsius 

Figure 6: Water boiling test instructions [12] 
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for use in the power calculation explained in the following section. Stoves which are capable of 

sunlight tracking will be continually adjusted to receive maximum sun exposure. Testing will 

conclude when a minimum of six temperature recordings are made. 

 

5.2 Efficiency and Emissions Analysis 

The long term goal of the team is to ensure that the people of Lesoit have access to stoves which 

are safe and perform well. Toward this end, data from the testing outlined in the previous section 

will be analyzed by metrics from the Water Boiling Test 4.2.3 [12] which allow for stove 

comparison. 

 

Improved Cookstoves 

 

Emissions Analysis 

Emissions testing will focus on carbon monoxide and particulate matter of 10 microns and smaller 

as they are primary contributors to cookstove emission related health problems [17]. For data 

collection in laboratory testing a carbon monoxide dragger tube and a particle counter will be used 

which will provide carbon monoxide concentration values and number of particles released. Field 

testing of carbon monoxide concentrations in Lesoit kitchens will also be conducted, and used to 

approximate particulate count as described in this study [18]. While equipment for field testing 

particles directly exists, it is outside the budget of this study. 

 

The metrics which will be used to compare the stoves are as follows: 

 

emissions/time – This will show us the rate at which each stove produces emissions. It is 

calculated by ConcentrationCO/time for CO and (number of particles)/time for particulate matter. 

 

emissions/massfuel – This metric gives emissions relative to fuel. It is calculated by 

ConcentrationCo/(massfuel) and (number of particles)/( massfuel). Where massfuel = massinitial – 

massfinal 
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Emissions/energydelivered – This metric gives emissions relative to the amount of energy 

actually delivered to the water or food. It is calculated by ConcentrationCo/(energydelivered) and 

(number of particles)/(energydelivered). Where energydelivered = ΔEH20 + ΔEvap, ΔEH20 is the energy 

required to raise the temperature of the water and is equal to (specific heat of H20)*(Tfinal – 

Tinitial)*(massH20), and ΔEvap is the energy required to vaporize water and is equal to (specific 

enthalpy of water at boiling)*(massvap).  

* For phase 1 and 2, ΔEvap will equal zero as these phases end once the water reaches boiling point. 

 

Efficiency Analysis 

thermal efficiency = energydelivered/energyfuel – This metric gives a value for the fraction of energy 

which goes into heating the water/food compared to the total amount of energy released from the 

fuel. It is calculated using energydelivered = ΔEH20 + ΔEvap  and  energyfuel = (massfuel)*(Heating value 

of fuel). Where ΔEH20 is the energy required to raise the temperature of the water and is equal to 

(specific heat of H20)*(Tfinal – Tinitial)*(massH20), and ΔEvap is the energy required to vaporize water 

and is equal to (specific enthalpy of water at boiling)*(massvap).  

 

fuel consumption rate = massfuel/time – This metric gives an understanding of how quickly each 

stove uses fuel, this is important because it will allow us to approximate how much fuel will be 

needed for daily cooking. Time is in seconds and massfuel = massinitial – massfinal where mass is in 

kilograms.  

 

power = energydelivered/time – Power will allow us to compare cookstove results to results obtained 

from solar cooker testing and analysis. Time is in seconds and energydelivered = ΔEH20 + ΔEvap, where 

ΔEH20 is the energy required to raise the temperature of the water and is equal to (specific heat of 

H20)*(Tfinal – Tinitial)*(massH20), and ΔEvap is the energy required to vaporize water and is equal to 

(specific enthalpy of water at boiling)*(massvap). 
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Solar Cooker 

As solar cookers produce no emissions, only a performance analysis needs to be conducted. Power 

= energydelivered/time – This is the primary performance parameter used in the ASAE S580.1 

testing protocol [16]. It will allow for comparison to any other solar stoves and the tested improved 

cookstoves. It is calculated by (specific heat of H20)*(Tfinal – Tinitial)*(massH20)/(600). This testing 

protocol measures temperature in 10 minute intervals, which leads to a time of 600 seconds. 

Further research will determine whether this power value needs to be standardized to a standard 

isolation. 

 

5.3 Predictions 

Equations to predict stove performance are outlined below, though further research will be 

conducted in the future to determine all of the necessary equations, as the current model may be 

incomplete. Additionally, factors such as stove dimensions and materials will need to be found 

once the test stoves are delivered.   

 

Improved Stoves Predictions: 

To predict the improved stove’s thermal efficiency, the combustion and heat transfer efficiencies 

are needed. 𝜂𝑡 = 𝜂𝑐 × 𝜂ℎ 

 

𝜂𝑐 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑂 𝑒𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑔)

𝐷𝑟𝑦 𝑤𝑜𝑜𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑘𝑔)
 

 

The three modes of heat transfer -- conduction, convection, and radiation -- and the finite 

difference method in Matlab [19] will be used to obtain the heat transfer efficiencies for the 

improved cook stoves. 

 

 The three governing heat transfer equations are: 

 

𝑄𝑐𝑜𝑛𝑑. =
𝑘 ∙ 𝐴 ∙ ∆𝑇

𝐿
→ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

𝑄𝑐𝑜𝑛𝑣. = ℎ ∙ 𝐴 ∙ Δ𝑇 → 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 

𝑄𝑟𝑎𝑑 = 𝐴 ∙ 𝜎 ∙ (𝑇2
4 − 𝑇1

4) → 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 
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The conduction heat transfer will be considered for the floor of the stove to the ground. The 

convection heat transfer will be considered for the inner surface of the stove (losses) and the 

outer surface of the pot (gains). The radiation heat transfer will be considered between the flames 

and the stove.

 

Figure 7: Heat transfer modes schematic on improved cook stoves [19]. 

 

To obtain the heat transfer efficiency, heat transfer modes schematics similar to the one above 

(Figure 7) are needed for all of the improved stoves which will be considered. Additionally, the 

three heat transfer mode equations will be needed, and they will be implemented with the finite 

difference method in Matlab [20]. 

 

Solar Stoves Predictions: 

The solar stove predictions will be used to compare the different solar stove designs. 

Performance of the solar stoves will be compared based on the time to heat equation from initial 

and final temperatures. The time to heat equation and components are: 

 

𝑡ℎ𝑒𝑎𝑡 =
−1

𝐾2
ln (1 −

𝐾2

𝐾1
Δ𝑇) 
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𝐾1 =
𝐼 ∙ 𝜂𝑜 ∙ 𝐴

𝑚 ∙ 𝑐𝑝
 

𝐾2 =
𝑘 ∙ 𝐴

𝑚 ∙ 𝑐𝑝
 

 

For these equations, the I is the radiation from sunlight, the 𝜂𝑜 is the optical efficiency, the A is 

the collector aperture area, the m is the mass in the pot, the 𝑐𝑝 is the specific heat capacity at a 

constant pressure, and the 𝑘 is the thermal conductivity. Direct Solar radiation will be used for 

the radiation for a concentrated solar collector and global solar radiation will be used for the flat 

solar collector [21].  

 

6. Proposed Design Alternatives to the Stoves 

Based on biomass stove and solar cooker research, four designs were chosen for testing, analysis, 

and comparison with analytical predictions. Each of these designs have characteristics which are 

likely to make them suited for use in Lesoit, Tanzania.  

 

 6.1 Jiko stove: 

The jiko is an hourglass shaped metal and ceramic charcoal stove. The stove was designed to be 

similar to the traditional Kenyan stoves it was intended to replace, a fact which may contribute to 

its popularity [22]. More than 125,000 jiko stoves are in use in Kenya [23]. The jiko consumes 

25% - 40% less charcoal than traditional Kenyan stoves. As charcoal stoves typically have a 

cleaner emissions profile [24] and the people of Lesoit are familiar with both this stove and 

charcoal production, this efficient design may be beneficial. 
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Figure 8: Jiko Stoves  [25] 

 

 

 6.2 Gasification stove:  

A gasifying stove takes advantage of a process called gasification to produce higher combustion 

temperatures and a more complete combustion of particulate matter. Gasification is a process 

wherein fuel is heated to temperatures between 600 ° C – 1500 ° C with limited amounts of oxygen 

to produce a “syngas” with a heating value of 3.5 - 7.8 MJ/Nm^3 (air gasification) which is 

composed primarily of hydrogen and carbon monoxide [26]. In gasifying stoves, this syngas is 

combined with oxygen at the top of the combustion chamber, where it is combusted to produce 

heat. This technology is promising as basic gasifying stove designs are simple to manufacture and 

operate, and studies have shown decreased emissions and increased fuel efficiency [27]. 
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Figure 9: Commercially available gasifying stove, the Solo Stove [28] 

                

 

6.3 Rocket stove: 

Rocket stoves increase fuel efficiency and decrease emissions by using an insulated combustion 

chamber which is vertically oriented and designed to allow maximum oxygen presence during 

combustion. If oxygen presence is low, un-combusted particulate matter is emitted. These particles 

are a primary contributor to health issues caused by prolonged exposure to combustion emissions, 

and reduce fuel efficiency by consuming fuel without combusting and contributing to the heat 

needed to cook [29]. The rocket stove is designed to utilize the low pressure zone above the 

combustion chamber to pull air into and through the combustion chamber, reducing un-combusted 

particles and increasing efficiency [30]. 
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Figure 10: Sketch of a Rocket Stove, Trey Morrison [31]. 

 

 

6.4 Direct Solar Cooker 

These cookers reflect and concentrate the heat of the sun onto a cooking apparatus to produce 

enough heat to cook food. As there is no combustion, emissions are not produced, and the use of 

the sun’s energy eliminates the need for fuels such as wood or manure [32]. This reduced fuel need 

helps to satisfy a goal of this project, which is to reduce the time villagers spend collecting 

firewood so that they may pursue economic or educational opportunities. Direct solar cookers 

require direct sunlight, and so cannot be used indoors or at night. Despite this, the clear advantages 

of this technology may prompt a combined solution wherein solar cookers are utilized in 

conjunction with alternatives which can be used indoors and at night.  
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Figure 11: Cylindrical solar cooker, the Go Sun Stove [33]. 

 

7. Project Management 

 

In order for the team to be organized and ensure that all tasks are completed on schedule, a Gantt 

chart and a Project Plan were made (see appendix B). The team set up two major goals for the 

second semester, with one being predicting cooker performance and emissions, and the other being 

completion of testing and analysis. Due to the lack of emissions with the solar stoves, there will 

be only efficiency testing to compare it with the improved cook stoves. The improved cook stoves 

emission tests consist of testing for Carbon Monoxide (CO), and Particulate Matter (PM) to 

determine the cleanest stove of the four. After completing these goals, the team will focus on 

making a PowerPoint presentation in preparation for the UGrads symposium. Finally, the team 

will combine all predictions, testing, and other relevant information regarding the research project 

into a single document as a final draft. The draft will be checked and revised before being 

submitted as a final research report. All of the tasks and dates of submissions are listed in the Gantt 

chart. 
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8. Conclusion  

The goal of this semester was to determine the tasks and plan for next semester which will be 

necessary to complete a research paper comparing mathematical predictions on cooker 

performance with results obtained through testing on these parameters. These predictions will be 

made using the three heat transfer mode equations and the finite difference method in Matlab. The 

testing protocol and analysis procedure will be that used in the Water Boiling Testing version 

4.2.3. The improved cookstoves which will be tested are the Rocket Stove, Gasification Stove, 

Direct Solar Stove, Jiko stove, and the three-stove stove which is currently in use in Lesoit. The 

team’s findings will help future capstone teams develop and test improved cook stoves and solar 

cookers which will reduce harmful cooking emissions, reduce wood collection time, and provide 

economic opportunity for the women of Lesoit, Tanzania. 
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