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Abstract 10 

This work is a second iteration of an adaptive design project aimed at developing an appropriate off-grid technology for 11 

small-scale electricity generation in rural Malawi, and possibly for other developing countries. Stakeholder and user 12 

feedback gathered from the initial technology demonstrator field trial has been used to inform design improvements of a 13 

re-engineered technology demonstrator which has subsequently been deployed in a different region of Malawi to assess 14 

its viability, robustness and appropriateness. The ultimate aim of the project is to develop a domestic electricity generator 15 

that can provide adequate, affordable and reliable electricity for charging low-powered electrical appliances such as 16 

mobile phones, LED lanterns and radios. The technology under development is a thermoelectric generator that is powered 17 

from the heat produced by biomass-fed cooking stoves. The re-engineered generator utilises a single thermoelectric 18 

generator (TEG) to produce up to 4 W of electrical power whilst using significantly less expensive and more robust 19 

components than the first demonstrator. Ten generators were fitted to a low cost and locally manufactured clay cooking 20 

stoves and then deployed in the predominantly rural Ntcheu district. The TEG-stoves were equipped with sensors and 21 

data loggers and remained in the field for up to 6 months. The users were able to charge their mobile phones, LED lanterns 22 

and radios from the stove. None of the stoves were used every day, indicating that the users operated other stoves or 23 

cooking methods based on preference. The data obtained showed a maximum power consumption of around 4.5 W·h of 24 

energy per day, which represents a 50% increase compared to the previous field trial. The user operation of the stove 25 

generator and user behaviour has exposed unexpected, yet fixable, issues with the battery discharge protection of the 26 

charge control circuit design of the initial technology demonstrator.  27 
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1. Introduction 32 

Over 2.4 billion people worldwide use solid biomass 33 

fuels for household cooking and heating in open fires 34 

and basic stoves (MacCarty and Bryden, 2015). 35 

Improved cooking stoves have been identified as an 36 

encouraging alternative to traditional open fire cooking 37 

methods, and can offer many benefits such as improved 38 

fuel efficiency, personal risk reduction, indoor air 39 

quality improvements and a range of associated positive 40 

health impacts (Ruiz-Mercado et al. , 2011). Whilst 41 

there are many factors influencing the adoption of any 42 

stove design (Pine et al. , 2011), the addition of an 43 

electrical generator to an improved stove could make it 44 

more attractive than the traditional cooking methods 45 

whilst simultaneously tackling the energy access 46 

problem typically encountered by the very people using 47 

these stoves. 48 

 49 

Electricity and other energy access are hugely important 50 

factors in establishing economic and social development 51 

on both a domestic and industrial scale (Winkler et al. , 52 

2011), yet affordable access to electricity remains one of 53 

the primary objectives of developing countries. Of the 54 

estimated 1.4 billion people lacking access, over 85% 55 

live in developing countries. Africa has the lowest 56 

electrification rate in the world (Adkins et al. , 2012). 57 

The energy access problem is particularly problematic 58 

in sub-Saharan Africa (SSA), with the population 59 

having the least access to electricity compared to 60 

emerging countries from other regions (Onyeji et al. , 61 

2012). 62 

 63 

It is not uncommon for off-grid rural villagers in 64 

developing countries to travel long distances by foot or 65 

bicycle in order to charge their mobile phones and other 66 

battery-powered devices. For many people a trip to the 67 

local charging station takes place more than once per 68 

week. For mobile phone charging, Manchester and 69 

Swan (Manchester and Swan, 2013) report an average 70 

fee of $0.20 per mobile phone charge. A survey study by 71 

Adkins et al. (Adkins, Oppelstrup, 2012) on rural 72 

household energy consumption in almost 3000 73 

households in SSA found that the average household 74 

spent $58 on fuels and $19 on batteries per annum. Of 75 

these outgoings, $21 was spent on cooking-related 76 

purchases and $48 was used on lighting and electricity 77 

related purchases. 78 

 79 

These types of expenditures represent a significant 80 

financial burden for many families in the developing 81 

world. If an electrical generator could be developed at 82 

an affordable cost which was capable of providing a 83 

small but reliable source of electricity at the household 84 

level, it would remove the need to pay for charging thus 85 

enabling people to focus their spending on other 86 

important areas such as nutrition, health and education. 87 

Integrating a generator with a cooking stove will allow 88 

the user to generate power during normal cooking 89 

practices. Furthermore, the ability to charge a phone in 90 

their own home means that users do not have to switch 91 

off their phones to conserve power (Manchester and 92 

Swan, 2013) and can therefore remain connected more 93 

often. 94 

 95 
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There is limited published research on the topic of 96 

integrating TEGs with cooking stoves, particularly those 97 

intended for developing countries. Typically, studies 98 

involve the investigation of the output power generated 99 

by stoves with integrated TEGs in a laboratory setting, 100 

such as studies (Eakburanawat et al. , 2003, 101 

Lertsatitthanakorn, 2007, Nuwayhid and Hamade, 2005, 102 

Nuwayhid et al. , 2003, Rinalde et al. , 2010). 103 

 104 

Raman et al. recently (Raman et al. , 2014) developed a 105 

forced draft combustion cooking stove in which a 106 

blower was powered by a thermoelectric generator. The 107 

blower removed heat form the cold side of the 108 

thermoelectric module, resulting in warmer air of 25~30 109 

°C which was then supplied both below and to the top of 110 

the combustion chamber to obtain cleaner combustion 111 

and higher efficiency. At a temperature difference of 112 

240 °C the generator was capable of producing 4.5 W, 113 

of which only 0.83 W was used to power a blower. The 114 

remaining power was available for mobile phone 115 

charging and LED lighting. The authors claim an 116 

efficiency improvement of ~ 16% compared to the 117 

improved cookstoves which operate on natural 118 

convection. 119 

 120 

Similar work was conducted by Sawyer et al. (Sawyer et 121 

al. , 2008) who coupled a Taihuaxing module TEP-122 

1264-1.5 thermoelectric module with a Haitian cooking 123 

stove. The minimum requirement of the generator was 124 

to power its own cooling fan, although auxiliary 125 

component charging was also planned. The cooling air 126 

used to maintain the TEG cold side temperature was also 127 

used to increase efficiency of the stove by rerouting it to 128 

the combustion chamber. The chosen TEG was capable 129 

of producing up to 4 W at a temperature difference of 130 

200 °C, but in practice this temperature difference could 131 

not be achieved due to rising cold side temperatures, 132 

since the design relied on the fan running at the 133 

maximum flow rate at all times 134 

 135 

Of those researchers who field tested their designs, 136 

Killander and Bass (Killander and Bass, 1996) were one 137 

of the first. Using two Hi–Z HZ20 TEG modules 138 

mounted on a 270 mm x 100 mm aluminium heat 139 

collector plate that was placed on the outside of a large 140 

wood-fed stove,  they were able to obtain a maximum of 141 

about 10 W during the cold mornings, falling to 4–5 W 142 

in the afternoon as the house heated up. The output 143 

power was used to power the cooling mechanism and to 144 

charge four 6 V lead acid Exide batteries, which were in 145 

turn used to power a television at 12 V. 146 

 147 

Mastbergen (Mastbergen, 2008, Mastbergen et al. , 148 

2005) developed and field tested a TEG-stove generator 149 

system comprising two 14.7 W output TEGs and a fan-150 

cooled aluminium heat sink with the objective of 151 

generating 45 W·h of electrical energy and provide 152 

enough power for lighting and some television. The 153 

target energy production was 15 W·h per meal assuming 154 

3 meals per day. A 3000 cycle durability test was also 155 

performed to investigate the effects of operating 156 

temperature, module quality, and thermal interface 157 

quality on generator reliability, lifetime and cost 158 

effectiveness. The authors noted that the design was 159 

optimized for a very specific temperature range which 160 

was not consistently achieved by all users. It was 161 

discovered that the thermal resistance between the 162 

generator parts increased with thermal cycling because 163 

of a loosening of clamping bolts. Problems with the 164 

circuitry included excessive power consumption at low 165 

stove temperatures, and battery failure due to 166 

incomplete charging as users operated the lights and TV 167 

while the stove was in use. 168 

 169 

1.2 Context of research and project objectives 170 

There is little information in the literature regarding the 171 

true adoption of improved cooking stove programs and 172 

how to sustain their long-term use (Ruiz-Mercado, 173 

Masera, 2011). There is even less published field data 174 

obtained from pilot programs that seek to integrate 175 

electrical generators with the stoves. Furthermore, there 176 

still exists a gap in knowledge concerning the basic 177 

electrical power requirements of rural communities 178 

living in the developing world.  Despite mobile phone 179 

and other battery powered devices becoming 180 

commonplace in even the most remote locations, little 181 

data is available in the literature to quantify how much 182 

electrical power users need to make a meaningful 183 

improvement to their lives. Much of the information 184 

gathered is, by necessity, in survey form such as that by 185 

Adkins et al. (Adkins, Oppelstrup, 2012).  186 

 187 

Considering the above, the authors have initiated the 188 

adaptive design process for the development of the 189 

proposed TEG-stove technology. Adaptive design 190 

realizes that one does not have full knowledge of the 191 

system and that the design must respond to the 192 

experiences of users, shifting uncertainty and changes to 193 

goals and objectives that are part of the real world 194 

(Buckley, 2014). Adaptive design requires that feedback 195 

among researchers/designers, stakeholders and 196 

users/actors is an essential part of the process. This 197 

builds creative tension between the designers, 198 

stakeholders and actors such that the technology evolves 199 

iteratively towards an appropriate final design. 200 

 201 

The initial phase of this adaptive design process 202 

involved the design, laboratory testing, and field trial 203 

testing of an electricity producing cooking stove 204 

(O'Shaughnessy et al. , 2014, O'Shaughnessy et al. , 205 

2013) along with the development of ancillary 206 

technologies such as charge control circuitry (Kinsella 207 

et al. , 2014). Largely relying on modified commercially 208 

available technology to maximize electrical power 209 

production, generators were fitted to locally-made 210 

Malawian clay cooking stoves. In total, five generators 211 

were deployed to a rural village in the Balaka district of 212 

Malawi with the help of Concern Universal. In order to 213 

inform the adaptive design process, the stoves and 214 

generator systems were fitted with sensors and logging 215 

equipment that recorded relevant information every 216 

minute for 80 days. The empirical information gathered 217 

included, though was not limited to, the temperature 218 

within the stove i.e. when it was in use and when it was 219 

not, the power produced and stored in the supplied 220 

rechargeable battery and the power used when 221 



 

 

participants were charging devices. The main results 222 

which have informed this iteration of the design were:  223 

 224 

1. the technology was used as intended and was 225 

valued by the participants 226 

2. the time during which the cooking fires were 227 

lit was significantly higher than the estimate 228 

that informed the initial design 229 

3. the energy produced was far in excess of what 230 

was actually used 231 

4. the generator protruded too far from the side 232 

of the stove causing reliability issues 233 

5. the generator system was not affordable 234 

 235 

This research paper aims to discuss the results and 236 

provide conclusions associated with the second full 237 

iteration of this technology design. The intention is not 238 

only to explain the technology under development, but 239 

also to provide a real-life example of the adaptive design 240 

process being implemented for a new technology for the 241 

developing world.  242 

 243 

2. TEG, battery and stove selection 244 

Thermoelectric generators, or TEGs, are solid state 245 

energy devices which convert heat directly into 246 

electricity by means of the thermoelectric effect. For 247 

succinctness, a detailed explanation of thermoelectricity 248 

is not provided here. An excellent  overview of 249 

thermoelectricity is given by Rowe (Rowe, 1978) and 250 

more recently by Hodes (Hodes, 2005). The model 251 

adopted in this study is described in detail in 252 

(O'Shaughnessy, Deasy, 2013) and (Kinsella, 253 

O’Shaughnessy, 2014) and uses the ‘Effective Seebeck 254 

Coefficient’ method employed by Hsu and Huang (Hsu 255 

et al. , 2011), which calculates the Seebeck coefficient α 256 

under real load conditions. The output electrical power 257 

of the generator is dependent on the internal resistance 258 

of the TEG, the temperature difference between its hot 259 

and cold faces and the resistance of the load, and can be 260 

obtained from Equation 1. 261 

 262 

𝑃𝑒𝑙𝑒𝑐 = (𝛼𝑒𝑓𝑓∆𝑇)
2 𝑅𝐿

(𝑅𝐿 + 𝑅𝑇𝐸𝐺)
2

 (1) 

 263 

Theoretically, maximum power is obtained when the 264 

TEG resistance matches the load resistance; i.e. when 265 

RTEG = RL. As an example, the chosen TEG1-12610-5.1 266 

supplied by Thermal Electronics Corp., Ontario, 267 

Canada, can supply up to 8 W at a matched load output 268 

voltage of 4.2 V with hot and cold face temperatures of 269 

275 °C and 30 °C respectively. This TEG also has a 270 

graphite layer on both sides to reduce thermal contact 271 

resistance and increase heat flow through the module. 272 

 273 

The TEG is used as a power source to charge a 274 

rechargeable lithium-iron-phosphate (LiFePo4) battery, 275 

specifically the ANR26650 cylindrical cell 276 

manufactured by A123 Systems. LiFePo4 batteries are 277 

known for their good safety characteristics and long life 278 

cycles. Some battery specifications are provided in 279 

Table 1. 280 

 281 

Table 1: LiFePo4 battery specifications 282 

Cell dimensions (mm) ϕ 26 x 65 

Cell capacity, nominal/minimum (Ah) 2.3/2.2 

Voltage, nominal (V) 3.3 

Max. continuous discharge (A) 70 

Operating temperature (°C) -30 ~ 55 

Typical cycle life >1,000 

 283 

In this study, the term generator refers to the complete 284 

assembly of the heat collection, TEG module and heat 285 

dissipation components. The generator is retrofitted to a 286 

clay cooking stove named the ‘chitetezo mbaula’. It is a 287 

portable, though heavy (~ 12kg) stove which is made by 288 

women’s groups in Malawi and is marketed as a cleaner, 289 

safer and more fuel efficient alternative to the traditional 290 

‘three stone fire’ cooking method (Malakini; et al. , 291 

2014). This stove is becoming more prevalent 292 

throughout the country since the government’s 293 

commitment to 2 million clean cookstoves by 2020 294 

(Embassy of the United States Lilongwe Malawi, 2014). 295 

 296 

3. Heat sink selection 297 

To maximise power from the TEG, the temperature 298 

difference between the hot and cold faces should be 299 

maximised without exceeding the upper temperature 300 

limit. It is desirable to maintain the cold side of the TEG 301 

at the lowest temperature possible to achieve maximum 302 

power. Active cooling methods such as fan-assisted air 303 

blowing or liquid pumping require electrical power to 304 

function. Since the TEG in this study produces a 305 

maximum of 4~6 W of power when integrated with a 306 

cooking stove under normal operation (O'Shaughnessy, 307 

Deasy, 2014), it is desirable to keep parasitic power 308 

drains to a minimum. Previous studies by the current 309 

authors employed a relatively expensive heat pipe CPU 310 

heat sink to aid cooling of the TEG (O'Shaughnessy, 311 

Deasy, 2014, O'Shaughnessy, Deasy, 2013), which was 312 

capable of maintaining the cold side of the TEG at 313 

70~80 °C under real life conditions in a stove operated 314 

by the intended users. The initial field trial determined 315 

that the in-use energy generation was about 9 W·h per 316 

day with users consuming a third of this 317 

(O'Shaughnessy, Deasy, 2014, O'Shaughnessy, Deasy, 318 

2013). This design, although effective to the point of 319 

energy overproduction, was prone to a mechanical 320 

failure due its cantilevered profile from the edge of the 321 

stove. Furthermore, the complexity of the assembly and 322 

integration of the generator with the stove meant that 323 

installing the system was a cumbersome and time 324 

consuming task. This was not so apparent during 325 

laboratory testing in Ireland, but became obvious once a 326 

small batch of generators had to be produced in a short 327 

time frame in Malawi. These issues, along with the fact 328 

that the high performance heat sink system was a 329 

substantial portion of the component cost of the 330 

generator, indicate that the first redesign should 331 

incorporate a slim, low-cost and reliable heat sink.  332 

 333 

Several experiments were performed in the laboratory to 334 

ascertain the cooling effectiveness of different heat 335 

sink/fan combinations. A sketch of the experimental 336 



 

 

apparatus is provided is shown in Figure 1. The simple 337 

rig consists of a single TEG1-12610-5.1 module 338 

maintained between a copper block and plate. The block 339 

is heated by an imbedded cartridge heater. 340 

Thermocouples located in the block and plate at known 341 

positions allow the estimation of the heat flux supplied 342 

to the hot side of the TEG, and the approximation of the 343 

temperature difference across the module. The rig was 344 

designed so that any heat sink could be fitted to the cold 345 

side copper plate. For each heat sink tested, the cooling 346 

performance using the original fan/motor supplied with 347 

the heat sink was investigated before changing to a 348 

modified fan driven by a low power consumption DC 349 

motor. The cartridge heater was supplied by a variable 350 

AC power supply and monitored using two Fluke 117 351 

multimeters. Power to the 12V fan/motor assemblies 352 

was supplied with an Aim-TTi EX2020R desktop power 353 

supply. For all modified fan tests, power was supplied 354 

by the TEG and accompanying circuit almost identical 355 

to that described in (O'Shaughnessy, Deasy, 2014). 356 

 357 

 

Figure 1: Laboratory-based experimental rig 

 358 

The heat sinks were ranked based on cooling 359 

effectiveness, cost, complexity and ease of assembly and 360 

integration with the stove. The selected heat sink was the 361 

Akasa K32, a commercially available heat sink normally 362 

used in CPU cooling. This heat sink is significantly 363 

lower in price and weight and has a slimmer profile than 364 

the previous design. Some manufacturer’s specifications 365 

for the Akasa K32 are provided in Table 2.  366 

 367 

Table 2: Akasa K32 manufacturer’s specifications 368 

Cooler dimension 94.8 X 94.8 X 62.3 mm 

Heat sink material Aluminium fins 

Heat sink core material Copper core 

Mass 326g 

Fan dimension   ∅92 x 25 mm 

Max airflow  56.81 CFM 

Voltage rating   12V DC 

Fan life expectancy 40,000 hours 

 369 

The 92 mm diameter fan supplied with this heat sink is 370 

designed to operate at 12 V and consumes up to 2.3 W 371 

of power at its rated voltage which is almost 60 % of the 372 

maximum power that the chosen TEG can produce when 373 

the cold side is kept at the anticipated value of 80 °C. 374 

Instead, and similar to the method adopted in 375 

(O'Shaughnessy, Deasy, 2014, O'Shaughnessy, Deasy, 376 

2013), the impeller from this fan is dismantled from its 377 

motor and connected to the spindle of a low power 378 

Mabuchi RF-500 TB-14415 DC motor which can run 379 

the fan from much lower voltages (~ 0.3 V).  The fan 380 

and motor typically consume up to 0.5 W in total when 381 

used with this TEG and circuit. Furthermore, since the 382 

fan is connected in parallel with the TEG, its supply 383 

voltage is directly linked to the TEG. This means that 384 

the fan rpm will increase as the TEG output voltage 385 

increases, i.e. when the temperature difference across 386 

the TEG increases.  387 

 388 

Modifying the fan reduces its cooling capacity 389 

somewhat, but adequate cooling can still be achieved as 390 

shown in Figure 2, which plots the data obtained from 391 

an experiment with the Akasa K32 heat sink and 392 

modified fan. The selected TEG can withstand 393 

intermittent excursions to 300 °C but for continuous 394 

operation a temperature of 280 °C is not to be exceeded. 395 

The graph shows that up to 4.4 W of power was 396 

generated by the TEG. At the highest heat throughput 397 

the TEG hot side temperature rose to 280 °C. The 398 

corresponding cold side temperature was maintained at 399 

88 °C, which is about 15 °C higher than the previous 400 

design. During these experiments, a maximum of 0.43 401 

W was used for cooling.  402 

 403 

 

Figure 2: TEG temperatures –vs- output power using 

the Akasa K32 heat sink and modified fan 

 404 

Since the Akasa K32 does not have embedded heat pipes 405 

it was expected that cooling performance would be 406 

reduced compared with the Arctic Cooling Freezer 13 407 

employed in the previous design. Thus, the rise in cold 408 

side temperature is not surprising. For TEGs, power 409 

output is proportional to the square of the temperature 410 

difference. Figure 3 provides a comparison of the two 411 

generators when tested using the same apparatus and 412 

circuitry. Clearly, at larger temperature differences the 413 

version 1 generator provides more power. This is due to 414 

the lower cold side temperatures. Even at the same 415 

temperature difference, the TEG with the lower cold 416 

side temperature will typically generate a higher 417 

voltage. 418 

 419 



 

 

 

Figure 3: Comparison of the previous and current 

cooling methods using the same test apparatus 

 420 

As mentioned, results from the first field trial indicated 421 

an over-supply of electrical energy, with users 422 

demanding approximately 3 W·h per day on average 423 

(O'Shaughnessy, Deasy, 2014). However, if the current 424 

design reduces cost, complexity and ease of assembly 425 

and integration whilst increasing robustness and still 426 

meeting the electricity demand, then the lower power 427 

output should be acceptable. 428 

 429 

4. Generator design, assembly & integration 430 

To install the generator, a hole is made in the side wall 431 

of the stove. Before this, a fire is made in the stove to 432 

check for cracks or stress during thermal expansion. The 433 

handles of the stove remain intact to ensure portability. 434 

The generator is assembled and installed as a single unit. 435 

The thickness of the walls is such that removing a small 436 

section does not markedly weaken the stove. In the 437 

future, the generator hole will be prefabricated during 438 

the manufacture of the stove. 439 

 440 

The TEG is located between two 50x50 mm copper 441 

plates. Calibrated K-type thermocouples are inserted 442 

into these plates to estimate the temperature difference 443 

across the module. On the hot side of the TEG three 444 

copper rods protrude out of the copper plate into the 445 

combustion chamber. The rods deliver heat to the TEG, 446 

but are primarily intended to be used as a fire grate to 447 

aid combustion by allowing air to be drawn into the 448 

stove beneath and upwards through the fuel. The field 449 

trial participants were also encouraged to use a stick rest 450 

when operating the stove so that the sticks could be 451 

placed across the copper rods. 452 

 453 

A thin sheet-metal skirt is placed on the inside of the 454 

stove. The sheet serves several purposes by preventing 455 

some heat from escaping to the walls of the stove, and 456 

also by reflecting this heat back to the centre of the 457 

combustion chamber. It also protects the TEG from 458 

direct exposure to the fire.  459 

 460 

A photograph of the generator integration with the stove 461 

is provided in Figure 4 and Figure 5. As shown in the 462 

images, a metal bar is used to mount the generator to the 463 

stove. This bar is also connected to a small metal plate. 464 

This method is used to reduce the bowing effect 465 

observed during the previous field trial which led to 466 

loosening of the clamping bolts and a pressure reduction 467 

on the TEG module. 468 

 469 

  

Figure 4: Heat collection method showing the 

copper rods acting as a grate   

 470 

  
  

Figure 5: Mounting of the generator’s heat sink and 

circuit box to the stove wall 

 471 

5. Battery charging circuitry 472 

The power generated by the TEG is primarily used to 473 

charge a 3.3 V lithium iron phosphate (LiFePO4) battery, 474 

termed the ‘primary’ battery henceforth. The circuitry 475 

used to charge the lithium-iron-phosphate battery is 476 

designed to be as simple as possible. Previous studies 477 

using this basic circuit have shown that the system 478 

approaches the maximum power point when the 479 

temperature difference across the TEG is close to or 480 

above 150 °C (Kinsella, O’Shaughnessy, 2014, 481 

O'Shaughnessy, Deasy, 2014). Sophisticated maximum-482 

power-point-tracking (MPPT) techniques such as those 483 

investigated in (Ko Ko et al. , 2011, Montecucco and 484 

Knox, 2015, Sungkyu et al. , 2010, Xiaodong et al. , 485 

2010) were not employed.  486 

 487 

 488 

 

Figure 6: Primary battery charging circuit 

 489 

A circuit diagram is provided in Figure 6. The circuit 490 

includes the following features: 491 

1. 0.02 Ohm sense resistors enable the 492 

calculation of the current and power produced 493 

by the TEG and consumed through the USB 494 

port by measurement of the voltage drop 495 

across the resistor. 496 



 

 

2. A Schottky diode prevents the battery from 497 

discharging to the TEG. The Schottky diode 498 

has a small voltage drop across it, and 499 

consumes up to 0.4 W at full TEG power 500 

3. A 4.3 V Zener diode prevents battery 501 

overcharge by bypassing the battery when the 502 

battery nears full charge. Previous versions 503 

employed a 3.9 V Zener diode which leaked 504 

current from voltages as low as 3 V. The new 505 

diode reduces this power loss. 506 

4. A pair of red LEDs indicate when the TEG 507 

voltage is sufficient to charge the battery. 508 

5. A pair of green LEDs indicate full charge. 509 

6. A DC–DC converter boosts the output voltage 510 

to a more useful 5 V, and is connected to a 511 

male USB port. 512 

 513 

6. Results & discussion 514 

In total, ten TEG-stoves were manufactured and then 515 

deployed in rural communities in Malawi: five to the 516 

participants in Kalata Village, Ntcheu, and five to 517 

participants in James’ Village, Ntcheu. Concern 518 

Universal field facilitators trained the recipients in TEG-519 

stove usage.  Every participant was provided with a 520 

rechargeable battery-powered SunKing LED lantern as 521 

described in  (O'Shaughnessy, Deasy, 2013). Each 522 

generator stove was equipped with a MadgeTech 523 

Quadtemp 4-channel thermocouple data logger which 524 

recorded the temperature in the stove wall, combustion 525 

chamber (i.e. in the fire), and the approximate 526 

temperature on either side of the TEG. A MadgeTech 527 

Volt101-A data logger enabled measurement and 528 

subsequent calculation of the current drawn via the USB 529 

by recording the voltage drop across a 0.02 Ohm sense 530 

resistor. All data loggers recorded for the entire duration 531 

of the trial at the selected recording rate of one reading 532 

per minute. All ten stoves remained logging in the field 533 

for up to 6 months or until the point of failure. Users 534 

were instructed that electricity would be generated as a 535 

by-product of normal stove operation, and that there was 536 

no need to burn more fuel or for longer periods. If 537 

desired, the LED lantern could be recharged during the 538 

daily cooking practices. 539 

 540 

6.1 Pre-deployment testing in Malawi 541 

Since the generators were expected to produce less 542 

electricity in Malawi due to the higher ambient 543 

temperature, increased sunlight exposure and also due to 544 

user behaviour, the TEG-stoves were submitted to a 545 

series of trial burns prior to field deployment to verify 546 

that all generators operated to a comparable level. Figure 547 

7 shows that all stoves produced a similar power output 548 

of approximately 4 W. Although the TEG voltage was 549 

not directly measured in the trial the maximum 550 

obtainable TEG voltage for this design can be estimated 551 

once the apparent temperature difference is known by 552 

applying a curve-fit expression obtained from these 553 

graphs. Note that TEGs typically display a hysteresis 554 

effect, meaning that the heat up and cool down profiles 555 

are slightly different. 556 

 557 

 

Figure 7: Pre-deployment testing of all TEG-stoves 

 558 

6.2 Field trial TEG-Stove usage 559 

There appears to be little factual data concerning user 560 

behaviour for traditional or improved cooking stoves. 561 

By necessity, much of the information is gathered in 562 

survey or questionnaire form. The difference between 563 

the verbal answer and measured data can often be vast. 564 

This was especially noticeable during the first field trial 565 

when one participant stated that he used his stove several 566 

times every day, yet the data loggers showed frequent 567 

gaps lasting several days. By data-logging each TEG-568 

stove in this study it is possible to ascertain reliable 569 

information regarding how often the participants operate 570 

their stoves. This is of course crucial in the design of this 571 

technology since energy is produced when the stoves are 572 

in use. 573 

 574 

The term ‘usage time’ is defined in accordance with the 575 

method adopted in (O'Shaughnessy, Deasy, 2014). 576 

Since visual observation was not possible, a threshold 577 

value of 100 °C is chosen. Only when the temperature 578 

recorded by the combustion chamber thermocouple is 579 

above this value is the stove deemed to be in use. It is 580 

not known if the user is actively tending to the stove 581 

however, and therefore the usage time will include some 582 

periods of idleness or cool down. It is noted however 583 

that the temperature in the combustion chamber at the 584 

thermocouple location drops very quickly if fuel is not 585 

being burned. 586 

 587 

 588 



 

 

It was concluded from the data recorded during the first 589 

field trial that prolonged stove usage was not uncommon 590 

and not solely attributable to the inclusion of the TEG 591 

generator since it was observed in the control group as 592 

well (O'Shaughnessy, Deasy, 2014). Similar behaviour 593 

was determined during this study. Figure 8 plots the 594 

average and maximum daily stove usage for all TEG-595 

stoves. Only those days when the stove is operated are 596 

taken into account in the average. The figure shows that 597 

on those days when the TEG-stoves were operated, all 598 

participants used their TEG-stoves for 3 hours or more, 599 

with the highest average of 6 hours. Maximum daily 600 

usage time exceeded 10 hours for 8 of the stoves. 601 

 602 

 

Figure 8: Stove usage during trial 

 603 

Since the average values in Figure 8 only take into 604 

account those days when the TEG-stove is operated, it 605 

does not offer insight into the frequency of TEG-stove 606 

use. The data obtained shows no consistency in the 607 

number of burning periods per day, nor the total time 608 

spent cooking per day. TEG-stove user behaviour is 609 

erratic and varies day to day. Ideally, the TEG-stove 610 

would be used as the sole cooking stove so that 611 

electricity could be produced as a by-product of normal 612 

cooking routines. To analyse the frequency of use Figure 613 

9 plots the number of zero-usage days during the first 30 614 

days of the field trial. Apart from TEG-stove 2 which 615 

was broken by the user almost immediately, none of the 616 

participants used their TEG-stove every day. The plot 617 

indicates that the TEG-stoves were used infrequently, 618 

possibly because of problems with electricity production 619 

or perhaps because of the presence of a second stove. 620 

There may be other reasons for this; e.g. lack of food to 621 

prepare or a desire to preserve the TEG by only using it 622 

at selected times stove. Where possible, later studies will 623 

also investigate differences in stove usage based on 624 

agriculture or climatic calendars to see changes in usage 625 

patterns.  626 

 627 

Field visits to the participant households indicate that 628 

many users have more than one cooking stove. This is in 629 

accordance with results described by Ruiz-Mercado et 630 

al. (Ruiz-Mercado, Masera, 2011) who found that when 631 

a new stove is brought into a household, the household 632 

members frequently stack stoves and fuels and select a 633 

device that best fits the particular cooking practice. 634 

 635 

 636 

 637 

 638 

 

Figure 9: Zero-usage days during first month 

 639 

6.3 Power consumption behaviour 640 

Concern Universal field facilitators selected the villages 641 

for participation in the trial. Figure 9 highlights 642 

differences in stove usage between the two villages. 643 

Whilst every recipient of a TEG-stove could potentially 644 

charge their neighbours’ mobile phones (and in doing so 645 

generate a small amount of income if desired), in Kalata 646 

and James’ village the TEG-stoves were given to 647 

members of a stove producing group. This enabled the 648 

groups to use the generated electricity for rechargeable 649 

LED lighting which also enabled them to work at night 650 

and produce more stoves than otherwise. This may have 651 

encouraged those people to use their TEG-stove more 652 

often. Unfortunately it also created jealousy amongst the 653 

village members who were not part of the stove making 654 

group, who saw those women receiving the TEG-stoves 655 

as having a double advantage. Indeed in follow-up group 656 

discussions, income generation was mentioned as one of 657 

the most beneficial elements of the stove. 658 

 659 

The behavioural differences between the two villages 660 

raises a salient point that must be addressed: does the 661 

inclusion of the TEG generator alter the normal stove 662 

usage behaviour? In particular, do the recipients of the 663 

TEG-stove use it primarily to generate electricity? 664 

Moreover, do the participants use it only to generate 665 

electricity and not as a cooking stove? Some criterion is 666 

necessary for establishing whether the TEG-stove user 667 

is charging an appliance. Since the power output 668 

consumed through the USB port was monitored during 669 

the trial this is the logical choice. A threshold value of 670 

0.25 W is selected. This value is high enough to ignore 671 

the small current ripples produced by the DC-DC 672 

convertor but low enough to capture those moments 673 

when an appliance is being charged. Table 3 displays the 674 

different results based on the simultaneously recorded 675 

combustion chamber temperature and USB power 676 

measurements. 677 

 678 

 679 

 680 

 681 



 

 

Table 3: Criteria for establishing if and when power is 682 

output from the circuit to an appliance 683 

Tchamber  PUSB Result 

> 100 °C < 0.25 W Generating not outputting 

> 100 °C > 0.25 W Generating and outputting 

< 100 °C > 0.25 W Outputting not generating 

< 100 °C < 0.25 W Stove not in use 

 684 

During the previous field trial the user of the TEG-stove 685 

#3 operated her TEG-stove only when she needed 686 

electricity (O'Shaughnessy, Deasy, 2014), and kept it 687 

hidden safely when not in use so as to protect what she 688 

deemed was a valuable asset.  For the current study, it 689 

was anticipated that, due to the novelty and other factors, 690 

TEG-stove users would occasionally make a fire in the 691 

stove purely to generate electricity. Isolated examples of 692 

this behaviour undoubtedly occurred. However, if this 693 

trend was generally true one would expect that the user 694 

would minimise the time spent burning fuel in the stove 695 

without a connected appliance. Figure 10 shows that this 696 

is not the case. For most of the TEG-stoves the time 697 

spent generating power (i.e. burning fuel in the stove) 698 

without a connected device was in excess of the time 699 

spent generating while outputting power to a device.  700 

 701 

 

Figure 10: User appliance charging behaviour during 

the trial 

 702 

The ‘Generating not Outputting’ data in Figure 10 703 

highlights that many users operate the stove for intervals 704 

without providing power to an appliance. Whilst we may 705 

reasonably conclude that some cooking was carried out 706 

with the TEG-stoves, the ‘Generating not Outputting’ 707 

data also incorporates those periods where the following 708 

might be true: 709 

1. Appliance connected but insufficient power is 710 

available for output to the appliance (i.e. 711 

during stove start-up or cool down) 712 

2. Appliance disconnected after charging and the 713 

fire in the stove is left to burn out 714 

3. Stove is fired for other purposes (some 715 

background light, space heating) 716 

 717 

By analysing the output power profiles it is also 718 

observed that the users preferred to connect their devices 719 

while the stove was in use rather than wait and use the 720 

energy stored in the battery, as shown in Figure 11. 721 

Indeed, all users favoured this method. Such behaviour 722 

raises questions about the capacity and indeed the 723 

necessity of a rechargeable battery, especially such an 724 

expensive one.  725 

 726 

 

Figure 11: Power output to devices when the stove is 

idle relative to when it is in use 

 727 

6.4 Appliance charging 728 

Figure 12 plots a selected daily power consumption 729 

profile for one of the field participants. Also displayed 730 

in the figure is the apparent TEG temperature difference 731 

which gives an indication of the stove usage and 732 

maximum possible power generated. From the figure it 733 

is clear that there was no usage period until after midday, 734 

meaning that the user likely cooked breakfast using 735 

another method. There are two distinct appliance 736 

charging profiles before noon during which the energy 737 

stored in the battery is expended to charge the connected 738 

device. The first charge profile is typical of the SunKing 739 

LED lantern that was supplied with the TEG-stove. This 740 

lantern typically accepts a constant power of 2~2.2 W 741 

(O'Shaughnessy, Deasy, 2013). The second charging 742 

instance is typical of mobile phones, comprising an 743 

initial peak in output power before dropping off as the 744 

phone battery increases in charge level. There follows a 745 

small spike in output power before noon. It is possible 746 

that the user connected a device to the circuit’s USB port 747 

but had already depleted the primary battery when 748 

charging the mobile phone. This may explain the reason 749 

for starting a fire in the stove around 13:00, since a 750 

device is almost immediately connected. Conversely, 751 

the user may have planned to cook at this time 752 

regardless, and since there is a time gap between 753 

appliance connections, the user may have been 754 

motivated to use the TEG-stove for cooking over 755 

another method because it produces electricity. The 756 

charging profile during this period is indistinct and 757 

results from the user trying to charge a device whilst the 758 

circuit is attempting to recharge the primary battery. 759 

Another burning period begins around 19:00 during 760 

which no device is connected to the USB port. 761 

 762 



 

 

 

Figure 12: Selected daily power consumption profile 

 763 

From the field trial data, field visits and follow up 764 

surveys, it became clear that the users were able to 765 

recharge the provided SunKing LED lanterns as well as 766 

mobile phones and radios. 12 V batteries were present 767 

during field visits and many people asked if changes 768 

could be made to the generator design so that these 769 

batteries could be charged. One user commented that she 770 

started a small phone charging business and charged 771 

neighbours a smaller fee than they would pay in the local 772 

charging station. Another user stated that she would 773 

charge neighbours’ phones for free provided they 774 

brought the firewood. This was done to ease tensions in 775 

Kalata village between the TEG-stove recipients (each 776 

one also a stove producer) and those without. In these 777 

instances, there could be a queue of several mobile 778 

phones waiting to be charged, which was not the 779 

intended operational design point for the generator. 780 

Nevertheless, it is an interesting outcome and useful 781 

information that will be incorporated into the next 782 

generator design iteration. It may also contribute to the 783 

commercial viability of the final design. 784 

 785 

As mentioned previously, there is relatively little 786 

empirical data available on the power requirements of 787 

rural villagers in developing countries. Of course, the 788 

goal is frequently to provide as much power as possible, 789 

yet small quantities of electricity can have a significant 790 

impact. For example a fully charged SunKing lantern 791 

can provide up to 16 hours of light on a single day’s 792 

charge (O'Shaughnessy, Deasy, 2013). Manchester and 793 

Swan (Manchester and Swan, 2013) conducted an 794 

experimental study on the energy and power demands of 795 

mobile phone charging using an inverter powered by a 796 

12 V car battery which is a charge configuration 797 

regularly encountered in developing countries. Their 798 

results showed that the average energy requirement per 799 

mobile phone charge using their method was 7 W·h 800 

(with less power likely delivered to the mobile phone 801 

battery), but this figure could reach 13 W·h depending 802 

on the inverter load. In SSA, daily phone charging is 803 

unlikely if people have to travel great distances and pay 804 

a nominal fee (Manchester and Swan, 2013). Results 805 

from the first Malawian field trial of the generator in this 806 

study indicated that users consumed approximately 3 807 

W·h per day on average (O'Shaughnessy, Deasy, 2014), 808 

though this figure relates to all electrical devices charged 809 

or powered, not just mobile phones. Indeed, field trial 810 

participants placed huge value on the rechargeable 811 

SunKing LED lanterns that were provided with the 812 

TEG-stoves. Even when the generators were collected 813 

for analysis or failed, these lights remained with the 814 

participants and were still charged in the local charging 815 

station for the price of a mobile phone charge, which 816 

was unexpected. 817 

 818 

Using the second generator design iteration investigated 819 

in this study, the average power consumption differed 820 

for each user as evidenced by Figure 13. The average in 821 

this plot takes into account every day to the end of the 822 

trial or until the point of failure. In accordance with 823 

Figure 9 there is a difference between the two villages, 824 

with the users of TEG-stoves 1 to 5 consuming more 825 

power on average than the users of TEG-stoves 6 to 10. 826 

A maximum value of 4.5 W·h per day was obtained for 827 

TEG-stove 1. It is noted that some of the data logger files 828 

for TEG-stove 9 were corrupted which made accurate 829 

determination of the average impossible. As an example, 830 

TEG-stove 3 was used most frequently (140 of 180 831 

days) and its user consumed 3.5 W·h per day. It is 832 

difficult to be certain if this value represents the daily 833 

requirement or merely what users were able to produce 834 

from the stove. Indeed there are many instances of 835 

appliances connected to the stove while it is in use but 836 

there is insufficient power to charge. The users may be 837 

restricted by generation capacity in this regard. 838 

However, since the option of burning more often to 839 

produce more electricity is available, it would appear 840 

from the graph that a value of 4.5 W·h per day is at least 841 

indicative of the daily power required to maintain the 842 

basic services of mobile phone charging and lighting. 843 

This represents a 50% increase compared to the previous 844 

field trial. Some of the users’ approach to appliance 845 

charging was much more demanding of the circuit than 846 

in field trial 1, and this behaviour ultimately led to its 847 

failure as described in the following section. 848 

 849 

 

Figure 13: Average daily power consumption 

 850 

6.5 TEG-stove failure analysis 851 

The different usage times displayed in Figure 10 852 

indicate that some stoves may have failed early in the 853 

trial. By analysing the temperature profiles it is usually 854 

possible to determine the point, and possibly cause, of 855 

failure. The thermocouples located in the copper plates 856 

allow for an estimate of the apparent temperature 857 



 

 

difference across the TEG module (Kinsella, 858 

O’Shaughnessy, 2014). Figure 14 plots the maximum 859 

TEG hot and cold side temperatures recorded during the 860 

trial. Also in the figures is the average of the daily 861 

maxima. Once again, only those days when the stove is 862 

operated are taken into account. For optimum 863 

performance from the TEG, the hot side should be 864 

maintained at approximately 270 ~ 280 °C with 865 

intermittent excursions above 300 °C permissible. 866 

Extended periods at higher temperatures result in TEG 867 

degradation and eventual failure (Mastbergen, 2008). 868 

Figure 14 shows that the average daily maximum TEG 869 

hot side temperature was kept within the permissible 870 

range apart from stoves 1 and 3, which exceeded 300 °C. 871 

The maximum values for each stove were typically 872 

recorded after the generators had failed. 873 

 874 

Following laboratory and pre-deployment testing in 875 

Malawi, it was anticipated that cold side temperatures 876 

would be maintained in the 80~95 °C range. The higher 877 

cold side TEG temperatures observed in Figure 14b 878 

indicate that the cooling method was incapable of 879 

maintaining the target cold side temperature. Upon 880 

revisiting the households it was clear that the plastic fan 881 

casings had melted on some TEG-stoves. At the end of 882 

the trial all samples were returned to the laboratory for 883 

testing where it was determined that the fan and low 884 

power DC motors still worked as intended. Six of the ten 885 

thermoelectric modules were also still operating 886 

correctly. It was concluded that the problem was related 887 

to the power delivered to the fan and was not a 888 

mechanical issue. 889 

 890 

When the user operates their TEG-stove without 891 

connecting a device, the generated power is used 892 

primarily to charge the LiFePo4 battery. If the user 893 

connects a device to the TEG-stove during cooking, 894 

most of the power delivered to the device comes 895 

indirectly from the TEG and the energy is not stored in 896 

the battery. However, when the user connects a device 897 

when the TEG-stove is not in use, the power comes from 898 

energy previously stored in the primary battery. As 899 

energy is drawn from the battery, its voltage drops.  900 

 901 

 

Figure 14: TEG temperatures during trial 

 902 

To investigate the failure mode in further detail a small 903 

sample of stoves were fitted with an extra MadgeTech 904 

Volt101-A data-logger to monitor the primary battery 905 

voltage. A user-operated ON-OFF switch was also 906 

included between the DC-DC converter and the output 907 

and the participants were instructed to place the switch 908 

in the ON position when outputting power to an 909 

appliance, and in the OFF position when the appliance 910 

was disconnected. These stoves were subsequently 911 

redeployed into the field.  912 

 913 

Figure 15 plots the battery voltage for TEG-stove 7 over 914 

a 6-day period. The graph shows the battery voltage 915 

initially at the nominal and safe value of 3.3V, with a 916 

slight drop off in voltage due to the DC-DC converter 917 

and minimal reverse leakage current through the diode. 918 

This indicates that the users were not operating the 919 

switch. At some point on the second day a device is 920 

connected. The battery discharges quickly and its 921 

voltage drops to 2.2 V after 0.6 hours of charging. The 922 

DC-DC convertor should stop boosting to 5 V when it 923 

sees an input voltage of less than 2.2 V but this appears 924 

not to be the case. When no device is connected to the 925 

generator some current leaks from the battery through 926 

the DC-DC converter and the battery voltage gradually 927 

reduces over time. The recommended cut-off voltage for 928 

this battery is 2 V and the recommended lower voltage 929 

limit is 1.6 V. The figure shows that the battery 930 

continued to discharge below the absolute limit of 0.5 V. 931 

This took place over a period of 2 days. Despite this, 932 

during the next burning period the battery was recharged 933 

by the TEG to almost 3 V before discharging once again. 934 



 

 

The discharging/recharging continued until the battery 935 

dropped to 0 V on day 6. 936 

 937 

 

Figure 15: Battery voltage for TEG-stove 7 over a 6-

day period 

 938 

Figure 15 shows that the battery could be recharged 939 

from the TEG even from very low voltages. However, 940 

when the battery is at low voltages it creates another 941 

problem. To maximise the power output from the TEG 942 

the load resistance should match the TEG resistance at 943 

all times. One reason for selecting this particular battery 944 

was that the battery voltage of 3.4 V is close to the 945 

matched load voltage of the TEG, even over a wide 946 

range of TEG temperatures (O'Shaughnessy, Deasy, 947 

2014). In accordance with the circuit diagram shown in 948 

Figure 6, the battery and fan are connected in parallel to 949 

the TEG. Thus the battery (the load) dictates the TEG 950 

voltage when no appliance is connected to the USB port. 951 

Furthermore, the TEG and fan voltages remain almost 952 

identical. If the user burns in the TEG-stove after the 953 

battery has been discharged to low voltages, the battery 954 

will operate at very low voltages which results in almost 955 

no cooling of the generator. 956 

 957 

As seen in Figure 16, the battery and peak TEG voltages 958 

are above 3 V when the stove is in use. The TEG voltage 959 

fluctuates as the temperature difference across the TEG 960 

varies. An appliance is connected at approximately 961 

12:15 and battery voltage begins to drop. Although the 962 

TEG stove is still in use, the TEG voltage after the 963 

appliance charging is significantly lower (~2 V) than 964 

beforehand which in turn regulates the fan voltage. This 965 

causes a slower-rotating fan which has the knock-on 966 

adverse effect of the higher cold side TEG temperatures 967 

observed in Figure 14b. Over time this leads to over-968 

heating of the generator which manifests as fan case 969 

melting and eventual breakdown of the solder within the 970 

TEG modules. The cycling of the battery voltage below 971 

recommended limits is also deleterious with respect to 972 

battery life. 973 

 974 

 

Figure 16: Effect of battery voltage on TEG voltage  

 975 

This circuit is not designed to operate with the battery at 976 

low voltages, and this behaviour was not replicated in 977 

the lab prior to deployment. In the previous field trial 978 

electricity supply exceeded demand and the situation 979 

described above was not encountered because the 980 

primary battery was typically at a high charge level. In 981 

the current study, the battery is regularly flat due to 982 

electricity being in huge demand. This extremely useful 983 

information will inform the next iteration of the charge 984 

control circuitry. 985 

 986 

7. Outlook 987 

Even the current heat sink design protrudes noticeably 988 

from the stove wall. Reducing its profile is desirable, 989 

although a negative consequence of this approach may 990 

be an increase in radiant heat transfer from the stove 991 

wall. Furthermore, the heat sink used in this study is still 992 

expensive and not available locally in Malawi. A fan-993 

based cooling method, although providing adequate 994 

cooling, represents moving parts which are a likely 995 

source of failure. Furthermore, disconnecting the fan 996 

from its original motor and mounting to the low power 997 

DC motor is a cumbersome and time-consuming task. 998 

The ideal cooling method for this application would be 999 

passive, inexpensive and simple to manufacture and 1000 

install.  1001 

 1002 

The LiFePo4 battery is also expensive and not readily 1003 

available in Malawi. Other rechargeable batteries could 1004 

be investigated such as lithium-ion or nickel-metal-1005 

hydride (NiMh), although a modular circuit design may 1006 

be required since placing these batteries close to the 1007 

stove is not recommended due to safety considerations. 1008 

The inclusion of a rechargeable battery offers users the 1009 

ability to ‘cook now charge later’, but many of the field 1010 

trial participants chose to charge their devices while 1011 

using the stove, essentially bypassing the battery. This 1012 

raises questions about the capacity and indeed the need 1013 

for any battery at all. Removing the battery and simply 1014 

using direct charging from the TEG is another option 1015 

that will be studied in the next design iteration. 1016 

 1017 

For any design, it has become apparent that educating 1018 

the users in correct TEG-stove and circuit operation and 1019 

maintenance is critical. Undoubtedly, the simple circuit 1020 

design is not capable of managing the charge control in 1021 

the longer term without resorting to significant training. 1022 



 

 

This was not evident during a previous field trial of the 1023 

generator. During the current study, batteries were over-1024 

discharged and frequently left in a discharged state for 1025 

many days.  Established maximum power point tracking 1026 

techniques will now be investigated and improvements 1027 

will be made in battery discharge protection (if needed) 1028 

and boost efficiency. A lab experiment will also be 1029 

designed to perform longer term performance analysis. 1030 

 1031 

The long term research objective is to develop an 1032 

electricity generator that is affordable to the target 1033 

market. Solar panels, solar lanterns and medium 1034 

powered hand crank generators exist which have the 1035 

potential to provide lighting and phone charging 1036 

capabilities for off-grid rural communities. However, 1037 

issues such as high capital investment, theft and long 1038 

term reliability and maintenance have hindered 1039 

penetration of these technologies. Unlike solar panels, 1040 

TEGs can produce power both during the day and at 1041 

night regardless of the weather. Commercially available 1042 

TEG-stoves and pots also exist, but they appear to be 1043 

aimed at the developed world and the outdoor camping 1044 

markets, such as the BioLite (>$120) (BioLite Inc, 1045 

2015) and the Wonderpot (>$100) (Okamoto, 2013). For 1046 

future iterations of the generator design in this study, an 1047 

in-volume price target of $25~$30 is feasible, which 1048 

would result in a payback period under one year 1049 

considering how much disposable income is spent on 1050 

phone and lighting in sub-Saharan Africa (Adkins, 1051 

Oppelstrup, 2012). 1052 

 1053 

In collaboration with Concern Universal, the next phase 1054 

of the research will also involve local manufacturing of 1055 

some of the heat collection and dissipation components, 1056 

as well as the development of a business model and 1057 

engagement of local entrepreneurs regarding the 1058 

possible marketing, selling and distribution of TEG-1059 

stoves to the communities. As the number of the TEG 1060 

stoves available to end users during the pilot phase 1061 

increases it will be important to track and understand 1062 

any shifts in social, cultural or power relations between 1063 

users and their broader community because of the 1064 

introduction of the TEG. 1065 

 1066 

8. Conclusions 1067 

Ten locally-made cooking stoves were retrofitted with a 1068 

thermoelectric generator and deployed to rural villagers 1069 

in Malawi. The generator design was less expensive, 1070 

mechanically more robust and easier to assemble than 1071 

the initial design. Each generator stove was equipped 1072 

with a USB port for appliance charging and data loggers 1073 

which enabled measurement of the stove usage and 1074 

power consumption. None of the stoves were used every 1075 

day, indicating that the users operated other stoves 1076 

and/or cooking methods based on their preferences. 1077 

Users were able to charge mobile phones, lights and 1078 

radios. Similar to the first field trial, TEG-stove usage 1079 

was again erratic but intense. Some of the users 1080 

generated extra income or eased community tension by 1081 

charging their neighbours’ mobile phones. Users did not 1082 

appear to operate the TEG-stoves solely for electricity 1083 

production, but they preferred to charge their devices 1084 

when the stove was in use rather than wait and use the 1085 

energy stored in the battery. Users consumed up to 4.5 1086 

W•h per day, which represents a 50% increase compared 1087 

to the previous field trial.  1088 

 1089 

Many of the TEG-stoves experienced greater cold side 1090 

TEG temperatures than expected. Several stoves failed 1091 

ultimately due to a circuit problem which meant that the 1092 

battery over-discharged beyond a threshold voltage. The 1093 

information gathered from this study has subsequently 1094 

been used as part of the adaptive design process to 1095 

redesign the generator and charging circuitry for a third 1096 

field trial scheduled in 2015. The re-engineered 1097 

generator will include components manufactured by a 1098 

local Malawian workshop which will drastically reduce 1099 

the cost of the generator. On the other hand, the ‘simple’ 1100 

charge control circuitry is now deemed unfeasible and a 1101 

new circuit has been under development which offers 1102 

maximum power point tracking along with additional 1103 

utilities, such as user selectable 3.5 V and 5 V and on-1104 

board time-stamped data logging. 1105 

 1106 

 1107 

 1108 

Nomenclature 1109 

Symbol Description Unit 

   

PUSB Power consumed by user via USB W 

RL Load resistance Ω 

RTEG TEG internal resistance Ω 

Th Module hot side temperature °C 

Tc Module cold side temperature °C 

Tchamber Combustion chamber temperature °C 

Vcut-off Recommended cut-off voltage V 

Vlim Recommended voltage limit V 

Vlim, abs Absolute voltage limit V 

ΔTTEG Module temperature difference K 

α Seebeck coefficient V/K 

αeff Effective Seebeck coefficient V/K 
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