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Abstract

The purpose of this work is to address the global need for a cooking system without fuel, fire, or

emissions and that respects cultural norms and cooking traditions. 3 billion people cook on wood,

animal dung, and charcoal. The emissions from burning these fuels cause over 4 million premature

deaths a year and negatively impact our environment. In addition, the energy impoverished spend

∼25% of their income on household fuels. Solar energy can provide a solution and do so in a

culturally appropriate manner.

Stored solar thermal energy can provide an option to: cook at any time or place; replace the

fuel and the fire in most cooking systems; and perform similar to fire cooking. This dissertation

documents the first sealed portable solar thermal energy storage vessel that operates in the 300

- 400 ◦C range. This is quantified by measuring the performance of a field tested solar thermal

energy system and through laboratory testing of the thermal energy storage vessel.

Field tests measured the temperature - time relationship during solar heating of storage vessels

to 340 ◦C and the recovery of energy from these vessels using a water heating test. Each vessel

contained 5 kg of potassium nitrate and were composed of 1.7 kg of aluminum. They were heated

with low cost, commercially available and unmodified, 1.5 m2 parabolic solar cookers. The energy

storage vessels were heated in an average time of 2 hours and 21 minutes. During energy recovery

testing, the solar charged vessels heated an average of 7 L of water, totaling about 2.3 MJ of useful

cooking energy. The first liter of water reached “boiling” temperature (95 ◦C) in an average of 3

minutes and 40 seconds.

The portable thermal energy storage vessel was used as a platform to test additional energy

storage materials. The thermal energy recovery performance capabilities of aluminum, potassium

nitrate, sodium nitrate, and a 60/40 mol% mixture of sodium nitrate and potassium nitrate were

experimentally measured. Between 2.2 - 2.9 MJ of energy were recovered from these vessels. They

boiled 6 - 9 L of water. The initial power output of the vessels ranged from 1000 - 2000 W. In
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addition, a discussion on evaluating the performance of stored solar thermal energy systems was

initiated. Future work can compare the documented performance of these materials with the local

cooking requirements to select an appropriate thermal storage solution for the community.

The results are promising for the development of stored solar thermal energy systems for cooking

and other small-scale uses of thermal energy including space heating, food processing, device

charging and lighting.
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1 Introduction

This research is motivated by the challenges surrounding cooking - health issues, high fuel cost,

gender-based violence during fuel collection - and other issues faced by energy-impoverished indi-

viduals around the world. My first exposure to this problem occurred in 2010 when I encountered

my grandmother-in-law cooking on an indoor wood fire in La Paz, in the Carchi province of

Ecuador. This first-hand exposure and understanding of this global problem was an awakening

moment, and this work serves to improve the condition of individuals like her.

1.1 The Global Cooking Problem

According to theWorldHealthOrganization, 3 billion people use solid fuels likewood, animal dung,

and charcoal as their primary fuel source. The emissions from burning these fuels cause over 4

million premature deaths a year from stroke, ischaemic heart disease, chronic obstructive pulmonary

disease, and lung cancer [1]. The proportions and locations of these deaths are summarized in

figure 1.1. 460,000 of these deaths are children under 5 who succumb to pneumonia [2]. In

2010, household air pollution from solid fuel cookfires was attributed to the loss of 119 million

disability-adjusted life years (DALYS) [3]. The burning of solid fuels is a public health emergency

in energy-impoverished areas. This problem is not just isolated to those cooking in their homes; the

health impacts increase in urban areas where many people are using solid fuels. The particulates

become concentrated in the air and impact entire communities of people, even those cooking with

lower impact fuels like natural gas [3, 4].

In addition to the direct health impacts, cooking fires produce key global warming agents

including carbon dioxide, black carbon, and ozone precursors. Reducing these emissions can have

an immediate effect on climate change. Residential solid fuel cooking is responsible for one-third

to one-half of global black carbon or about 10% of global climate forcing, while the CO2 from
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these fires account for a further 10 - 20% [5, 6]. Though individual fires are small, the cumulative

effects are sizable, and the personal, environmental, and public health impacts are tragic.

Figure 1.1: The cause of death and regions of impact, associated with household air pollution.
Infographic adopted from Global Health: Deadly Dinners [7]

1.1.1 Solar as a Solution

The energy-impoverished live in communities with limited or unreliable clean energy solutions.

Even when people can afford to pay for cleaner fuels, the infrastructure is often not available or

suffers service disruptions. I interviewed women, in the Indian state of Tamil Nadu, who typically

had to wait two weeks for a replacement gas cylinder. For some, wood is attractive because it can

be freely collected or purchased at a very low cost and when it is available, it is a reliable source

of fuel. However, the energy impoverished live in areas where solid fuels are becoming scarce and

they increasing must purchase fuel. The Global Alliance for Clean Cookstoves and the World Bank

estimate over 1 billion people currently pay for wood, charcoal, and/or coal. Overall, they estimate

solid cooking fuels to cost between $100 - 250 USD/year per household, though some charcoal

users are spending up to $400 USD/year in countries such as Haiti. They estimate a global average

of 7% of income is spent on cooking and lighting fuel, while this increases to 10 - 20% for lower

income households [8]. Similarly, the Asian Development Bank estimates that the poor spend

between 25 - 30% of their household income on meeting their daily energy needs [9]. In addition,

lost economic productivity and health expenses can increase these costs. There is a need for high

value, healthy, and renewable off-grid cooking solutions.
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The sun can provide a sustainable solution to this problem. It is abundant, providing more

energy in under two hours than the global population consumes in a year. This energy is available

in many of the same areas where the energy-impoverished reside, and it can provide an economical

solution. Collecting solar energy has a fixed cost, the collector, and eliminates the variable cost of

fuel that can be detrimental to low-income families. Solar energy lends itself to being collected by

the user and can be used with limited resources, maintaining the user’s agency.

In 1767, Horace de Saussure harvested the sun’s energy, and was the first person to document

the use of the sun to cook food [10]. In the years since, various solar cooker designs have been

created that can bake, boil, and fry foods. Traditionally, they have been classified as box, panel, and

concentrating solar cookers. Box- and panel-type cookers typically reach temperatures just above

the boiling point of water, and work best when they are set up and left alone for several hours,

cooking foods that require boiling or baking. They store low amounts of energy in the thermal

mass of the structure and the air trapped inside. They can keep food warm for 1 - 2 hours after the

sun has set, but cannot cook additional food during the evening.

Traditional methods of solar cooking have significant barriers and limitations. The drawbacks

include cooking outside in the direct sunlight with a concentrating solar cooker or leaving food

unattended for several hours to cook in an unfamiliar way. The user needs to adjust to cooking with

a box or panel cooker, as it is very different from the high-heat and rapid cooking that is achieved

when using fire. Parabolic and other concentrating cookers can be used for high-temperature

cooking activities such as frying foods, but they only provide energy to cook when direct sunlight

is available. The user has to remain outside, tending the food and adjusting the concentrator to

track the sun. Regardless of the style of solar cooker used, the user cannot cook when, or where,

they want. The behavior change necessary to adopt these technologies have been unacceptable for

many individuals. This has led to solar cooking technologies having an abandonment rate of up to

90% globally [8].

This study researches key aspects for the development of a portable vessel to store solar thermal

energy, namely the container design and means for sealing it, and the selection of the material(s)

to be used inside the container to store the heat. The aim is to provide a clean source of energy on

sunny days, energy that can be stored for use that evening or potentially several days after.
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1.1.2 Adoption Factors

As part of the National Science Foundation Innovation Corps (NSF I-Corps) program and through a

two-semester course in subsistence marketplaces, over 100 in-person interviews were conducted in

India and the US, along with phone and video interviews conducted in India, Uganda, and the US.

In the US, interviewees were identified through their connection to the solar cooking community

or those who were camping at state parks. In India, we sought out women who identified as

housewives and interviewed women in both rural and urban contexts. The Uganda participants

were refugees in the Nakivale Refugee Camp who were identified by the Fuse Foundation. During

the interviews information was collected on the consumer’s lifestyle and economic class, cooking

preferences and the associated costs, and how the user adopts new technology. Interviewees were

also questioned about their attitude towards solar cooking and when appropriate, they were asked

how they would view a high temperature, portable, solar charged cooking stove.

Interviewees wanted to be able to cook inside their home and cook rapidly. These interviews

validated previous conclusions from failed solar energy interventions and information shared by

non-governmental organizations (NGOs) [11]. This was the motivating principles for developing

a portable, high temperature solar thermal storage system.

In certain regions, many people work when the sun is high in the sky. Other individuals are not

accustomed to cooking during midday. In the state of Tamil Nadu in India for example, cooking

often occurs in the late evening after the sun has set and in the very early morning before the sun

rises. The noon meal is cooked in the morning and eaten cold. In addition, potential users aspired

to improve their cooking situation and desired a cooking utensil that provides a feeling of improved

social status. Many of the women interviewed who cooked on traditional wood stoves, similar to

those in figure 1.2, hoped to acquire gas or induction stoves because of their ability to start instantly

and cook rapidly. The petroleum fuel and electrical induction stoves, figure 1.3, satisfied this

requirement but were costly to operate. Users reported monthly spending of ∼1000 INR to cook

on electric stoves, ∼800 INR for gas, or ∼200 INR to purchase firewood in Tamil Nadu. One user

indicated the electric resistance stove, top center in figure 1.3, performed below her expectations

and was discarded in favor of a traditional dung stove, pictured in figure 1.4.

In the past, a focus on producing low-cost stoves led to a wide variety of solar cooker designs
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Figure 1.2: Wood and biomass stoves constructed out of mud and brick that were observed in the
Indian state of Tamil Nadu.

Figure 1.3: Kerosene, gas, and electric stoves observed in the Indian states of Tamil Nadu and
Haryana. Beginning at the top left and working clockwise the pictures are an example of a
kerosene stove, electric resistance stove, an induction cooktop, another kerosene stove, and a gas
range.
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Figure 1.4: Animal dung cookstoves observed in the state of Haryana, India.

that have seen limited use and adoption. Solar Cookers International, a non-profit organization that

promotes solar cooking globally, has been documenting solar cooker designs through a wiki that

currently lists almost 400 products and designs [12]. Among these devices, there exists a design

to accomplish almost any cooking task independently. To maintain their traditional cooking style,

a particular user may need to use more than one solar cooker. For instance, they may need a box

cooker to bake and a parabolic cooker to fry food. In addition, many solar cookers are do-it-yourself

designs and tend to be perceived as being designed for "the poor". This perception reduces their

adoption [13]. Commercially available solar devices overcome this perception, but are considered

expensive because they have a high initial cost.

In 2013, Otte proposed a set of variables that influence the adoption of solar cookers. These

variables focus on environmental factors (space availability, solar insolation, and the cost and

availability of cooking fuels), cultural factors (preferred food characteristics, cooking habits, and

daily cooking schedule), technical factors (performance, ease of use, and repairability), social

factors (motivation for adoption - economic, health, and or environmental, perception of the

technology, and power relationships in the community), economic factors and the political policies

that affect them [13]. A device can fail by not meeting one set of these factors. Previous technology

developers have focused on the technical ability to cook food, to process it with heat to the minimal
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extent that it is edible, without an emphasis on the cultural factors of potential users.

Central to many of the issues with solar cooking is the inability to store the solar energy.

Contemporary cooking fuels - natural gas, wood, animal dung and other solid fuels - are essentially

stored energy, and that property allows them to be used whenever and wherever needed. There is an

acute need to develop ameans to store solar thermal energy, whichwould address the environmental,

cultural, and technical factors described by Otte. The solar community has recognized that energy

storage is critical to match the needs of potential users and increase the adoption of solar cooking

technology. The NGO Climate Healers released a challenge in March of 2011 for the engineering

community to develop a solar cooker that works at night [14]. They identified this as the missing

component to make solar cookers work in rural India. Cuce and Cuce in 2013, reviewed several

solar cooking technologies and identified the inability to cook at night as the most challenging issue

to address to spur adoption [15].

The solution developed in this work utilizes energy stored at high temperature, 300 - 400 ◦C.

Operating at this temperature will provide the ability to sear, deep fry, pan fry, bake, and boil

food using the tools and methods users are familiar with. Providing energy when needed in the

daily cooking schedule and in a portable format that can be used inside or outside. This directly

addresses the cultural and environmental factors, as described by Otte, which have restricted the

adoption of solar cooking.

1.2 Heat Storage Systems

Useful energy for solar cooking can be stored as sensible energy, as latent energy bymeans of a phase

change, through a reversible chemical reaction, or through a combination of the three. Operating

in the sensible temperature range of a material can be a low-cost option and easily accessible, but

typically there is a lower energy density and the temperature is continuously decreasing during the

discharge of the system. Storing latent energy through a phase change provides a fixed temperature

as the material transitions from either a solid:solid, solid:liquid, or liquid:gas phase transition. By

utilizing latent energy storage, a higher energy density can be achieved and it can produce a more

familiar cooking experience by providing a stable temperature range. Chemical storage systems
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rely on a chemical reaction, often the hydration and dehydration of different materials. These

systems don’t suffer thermal losses during storage and can provide a long term thermal storage

solution. Unfortunately they have much greater complexities in their system design and require

either a working fluid or direct contact with the food. Limited work is available on chemical

storage systems and fundamental material science research needs to occur before its potential for

high temperature applications can be evaluated. This review will focus on select sensible and latent

heat storage systems.

1.2.1 Sensible Heat Storage Systems

Sensible heat storage systems have been incorporated into several solar cooker designs. Many of

these systems demonstrate a viable method to keep food warm and potentially heat food in the

evening. Ramadan et al. created a simple and low cost, $15, box cooker that stored solar energy

in sand. The authors claim to have achieved three hours of indoor cooking. This was achieved by

heating .5 - .8 L of water in a container insulated with a reported .5 cm of sand (estimated to weigh

.5 kg). The water and the sand were heated outside and brought inside where the sand was reported

to have helped maintain the water temperature by acting as an insulator and as heat storage [16].

Haraksingh et al. demonstrated a passive, flat-plate collection system that stored solar thermal

energy in coconut oil. Energy was transferred through a thermosyphon loop to two cooking pots

immersed in the coconut oil. The system had a peak temperature of 150 ◦C and contained 5 MJ of

energy when charged. The system was used to maintain water at the boiling point into the evening.

They claimed to be able to cook very rapidly, boiling rice or sweet potatoes in 2 L of water in 20-25

minutes. They note on colder days, there was a 40 ◦C difference between their oil temperature and

the cooking temperature achieved. No information was provided on additional cooking methods,

only boiling was described [17].

Heetkamp utilized air as a heat transfer medium, a 4 m2 parabolic concentrator, and rocks to

obtain storage temperatures up to 400 ◦C. Ametal wire brush was used to dissipate the large amount

of energy collected by the parabolic concentrator and to transfer the energy to the air. The author

filled a 210 L oil drum with rocks and insulated around the perimeter with 10 cm of rockwool

insulation. The author estimated the system should have 11 kilowatt-hours of useful cooking energy
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when the rock bed cooled from 300 to 200 ◦C over a 5 hour period, but this was not demonstrated.

The system was estimated to store over 100 MJ of energy and have a peak temperature of 400
◦C. Unfortunately the author had difficulty recovering this energy at a high temperature. During

discharge, Heetkamp reported air temperatures under 60 ◦C for the first three hours and reaching

100 ◦C after five hours. The author’s final conclusion was the system should be used in a hybrid

configuration, citing the low output temperatures the system achieved. Heetkamp implied you

could reduce the fuel used by preheating the air in a conventional cooking system with this solar

system. [18].

Schwarzer and Vieira da Silva demonstrated a scalable, flat panel system that stored thermal

energy in vegetable oil and transferred it through pipes to the cooking surface using a thermal

siphoning setup. Over 250 systems were built across India, Mali, Burkina Faso, South Africa, and

in South and Central America. The systems varied in size from 1 to 12 m2 of collector area with

cooking areas sized for 5 - 100 L pots. A fully charged system could boil 5 L of water in 10 - 12

minutes [19,20]. The authors believed the systems were best suited for large installations because

of the cost and the need for financial assistance. A report from the Deutsche Geseelschaft für

Technische Zusammenarbeit (GTZ) described several issues at the Tiger Kloof School in Vryburg,

South Africa where one of the systems was installed. The report cited improperly sized thermal

storage, distance from the kitchen, and lack of motivation for the staff as reasons it was only

occasionally used for cooking and ultimately abandoned. The staff disliked having to travel outside

to cook and they still had to use their traditional kitchens because the system was not properly

sized. [21].

TheBarli Development Institute for RuralWomen adopted the use of Scheffler solar concentrators

in the late 1990s. Scheffler concentrators have a fixed focal position. This design choice allows

the solar cook to remain inside while an automated tracking system adjusts the solar concentrator

and directs the solar energy to a fixed location. The Barli Institute soon realized that they needed

to be able to use their solar system to cook when the sun was no longer available. In 2000, Deepak

Gadhia andWolfgang Scheffler upgraded their system with a sensible heat thermal storage solution

[22]. Gadhia and Scheffler utilized a 400 kg cylinder of mild steel to store the energy collected

from a 9.4 m2 Scheffler, figure 1.5. In January 2017, the storage system was no longer in use due to

a lack of maintenance. A former user reported that it was very useful for cooking, but it was very
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Figure 1.5: Photos of the solar cooking system at the Barli Development Institute for Rural
Women in the Indian state of Madhya Pradesh. (a) Scheffler solar concentrators that are used to
heat the storage system and for direct cooking. (b) Roti being cooked on a solar heated surface.
(c) The thermal storage system and a direct cooking system on a railroad track. (d) The cooking
surface of the storage system and a metal covering for the insulation. The thermal storage system
is a 400 kg mild steel cylinder, surrounded by 8" of glass wool insulation.

difficult to physically switch the system from solar heating to storage due to its size and weight.

The above work illustrates that sensible heat storage systems have been used successfully to

cook food. However, very limited research is available detailing how energy is recovered and

instead focused on how much energy was potentially contained in the system. Systems that forced

users to cook outside or were cumbersome to use saw limited long term use. The work by

Heetkamp demonstrates that high temperature storage has limited use when it is not coupled with

an appropriate heat transfer system. In addition, work needs to be done to emulate actual cooking

- including selecting storage temperatures and materials to allow rapid cooking. The performance

of the systems should be evaluated on how much energy can be recovered for cooking and at what

rate.
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1.2.2 Latent Heat Storage Systems

Latent heat storage systems were initially used as an add-on to traditional solar box cookers. Vessels

containing a low temperature phase change material, ∼100 ◦C, were added as an insert to existing

solar cookers. The vessel could be used for temperature regulation, to increase the time that the

box cooker kept food warm, or to cook when the sun was no longer available. Low temperature

storage systems provide an acceptable option for users who live in areas with limited direct sunlight

and who typically boil or slow roast their food. They have previously been reviewed by Cuce and

Cuce [15]. An example was reviewed below.

Bushnell and later, Bushnell and Sohi, created an oven that contained a solid-solid phase change

material, pentaerythritol. The oven was designed to be charged with concentrated solar thermal

energy that would be circulated through the oven with a heat transfer oil. In the study, it was heated

with an electric resistance heater. The authors reported the system efficiency and how long the

system could remain hot. The cooking performance was not reported. The oven stored ∼8 MJ of

energy [23, 24].

Additional studies have been conducted using portable systems that store energy near the boiling

point of water (Lecuona, Ramadan, Buddhi, Nandwani, and Sharma), higher temperature sta-

tionary systems (Okello, Mussard, and Tesfay), and higher temperature portable systems (Foong,

Veremachi). These systems resemble the goals of the proposed system but tried to achieve them in

various ways.

Lecuona et al. created a portable system for use with a parabolic concentrator [25]. They used

two concentric cooking pots, where they stored phase change material in the outside pot and cooked

in the interior pot. The pot was supported at the focal point of the parabolic dish as it was heated

by the sun. After heating, the vessel was placed inside an insulated storage container that was kept

inside the home. This cooker was designed to operate in the 100 ◦C range and was tested with

two phase change materials, paraffin wax and erythritol. The vessel, without water, weighed 8.7

and 11.1 kg and required 1 MJ and 2.8 MJ of energy to fully melt the paraffin and the erythritol

respectively. The total charging time from ambient temperature was not reported. In their follow

up paper, the device was heated with water and the authors reported they could keep the food above

70 ◦C for up to 30 hours [26].
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Stationary cooking systems have been designed to be either located outside the home or transfer

the energy from outside into the home. The Norwegian University of Science and Technology

(NTNU) created several stationary systems designed to charge a KNO3/NaNO3 mixture including

an air-pebble bed system, a parabolic trough with a thermal siphoning oil loop, and a parabolic dish

that utilizes a steam loop. These systems track the sun and do not require intervention by the user.

The systems have charging times between 4 and 5 hours. When fully charged the air system took

over 32 minutes to fry an egg and the oil system took 38 minutes to boil a liter of water [27–29].

NTNU has also demonstrated a portable system using the same KNO3/NaNO3 mixture as the

stationary systems. Foong reported on the design and modeling of an unsealed heat storage system.

It used .5 kg of the mixture and was charged to 230 - 260 ◦C in 2 - 2.5 hours [30, 31]. Foong used

a single flat copper fin to transfer heat to the cooking surface. Continuing on this work, Veremachi

increased the mass of the energy storage mixture to 7.5 kg. This increased the heating time of

the system to about 4 hours. They calculated 5 MJ of the 38 MJ of available solar energy was

collected and stored in the system, for a collection efficiency of 13%. No discharge or cooking

performance data were reported so it is unclear how much of this energy would be recoverable for

cooking [32, 33].

Research on solar thermal energy storage for cooking applications is under active development.

The latent heat systems described above, [25, 26, 28, 30, 31, 33, 34], and one sensible heat system,

[19,20], are pictured in figure 1.6. It is clear there is not a consensus on approach and there is a need

to improve cooking performance. Also, there is not a defined standard for reporting information to

compare systems and measure improvements. This makes it difficult to evaluate the performance

of the above systems. Section 3.3 outlines one approach to measure the system performance and

provide an indication to users how the system will perform the most basic of cooking operations.
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Figure 1.6: Recent stored solar thermal energy designs. Lecuona et al. has demonstrated a
cooking pot with phase change materials that can be brought inside and stored [25, 26].
Schwarzer and Vieira da Silva created a stationary system with a large storage capacity [19, 20].
Foong et al. and Veremachi et al. developed and improved an unsealed, portable solar thermal
energy device [30, 31, 33]. Mussard et al. developed a system that transferred and stored solar
thermal energy indoors [28, 34]

13



1.3 Material Selection

A wide variety of materials have been reviewed for their suitability for thermal energy storage.

Early research, as identified in sections 1.2.1 and 1.2.2, focused on materials that could be used

in a temperature range from above the pasteurization point (63 ◦C) to around 250 ◦C [35].

Material selection in this work focused on materials that can operate in the 300 - 400 ◦C range.

The expectation was that the higher temperatures would provide greater thermal storage potential

and the higher heat transfer rates needed to spur adoption of solar technology as identified in

the interviews. Experimentally, this range has not been explored in the literature, but Kenisarin

reviewed the potential of thermal heat storagematerials up to 1000 ◦C [36]. From this work, several

chloride, hydroxide, and nitrate options were identified in the desired range. These materials were

evaluated based on their safety, material compatibility, and material cost.

A selection of materials are listed in table 1.1, they represent a cross section of materials that

could operate at high temperatures, have high heat capacities or latent heat of fusion values, or are

metals. The table estimates the energy contained in the materials when heated from 25 ◦C to the

indicated end point. The starting point of 25 ◦C was used to show the amount of energy that could

be stored in the material above ambient temperature. While we are mainly focused on cooking, it

may be useful to see how much energy is left over for additional tasks. This table was built using

calculations based on values collected in the literature. Many of the materials referenced have not

been evaluated in several decades and their source materials were not always available. In many

cases, there were discrepancies in the data and therefore this table was only used to understand

trends and the impacts of the different conditions. Kuravi et al. observed similar discrepancies

when reporting on their concentrated solar thermal power plant experiments [37].

There are a few key points that were identified for comparison in table 1.1. The maximum

operating point (MOP) was defined as either the boiling point of the material or 400 ◦C. An MOP

of 401 ◦C was used to indicate materials that can operate above this temperature. The boiling point

of the material also represents a key target threshold as a large amount of energy can be stored in

the phase change. Section 4.3 explores these materials further and how candidate materials were

evaluated. In addition, both the weight and the volume of the vessel are important considerations

for the user and therefore the thermal energy densities were calculated for both conditions.
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Table 1.1: Expected energy stored from 25 ◦C to the melting point or the maximum operating
point (MOP). Materials are ranked based on the total energy density at the MOP.

To Melting To Max
Point Operating Point

Total Total Total Total
Melting Max Energy Energy Energy Energy
Point Operating Density Density Density Density
(C) (C) (kj/kg) (MJ/m3) (kj/kg) (MJ/m3)

NaNO3 307 380 712 1610 845 1910
MgCl2/KCl/NaCl 385 401 756 1360 771 1388(37/20.5/42.5)
MgCl2/KCl/NaCl 380 401 741 1333 761 1370(60/20.4/19.6)
Erythritol 118 330 468 678 761 1103
Lithium Nitrate 255 401 581 1382 716 1704
KNO3 335 400 523 1104 535 1129
NaNO3/KNO3 (60:40) 220 401 375 674 592 1065
NaOH NaCl (80/20) 370 401 543 1159 558 1192
Aluminum 660 401 320 865 472 1275
Pentaerythritol 185 276 409 573 469 657
Stainless Steel (316) 1400 401 128 1023 188 1509
Iron 1538 401 116 919 171 1355

KNO3 and NaNO3 were selected for initial studies in this work because of their wide availability,

simple chemistry, and low cost. In addition, they had been previously studied for concentrated solar

power plant applications [38, 39]. While NaNO3 had a higher total energy density, initially KNO3

was believed to have a higher amount of energy stored in the phase change and it was selected for

testing in chapter 3. Pentaerythritol was eliminated for its low energy storage capacity. Erythritol

has been shown to degrade through cycling and was eliminated in favor of materials with long term

stability. Lithium nitrate was expected to perform similar to sodium nitrate and was expected to

have a high cost with limited availability. It was excluded in favor of sodium nitrate.

15



2 Research Objectives and Initial Work

2.1 Objectives

This work began with the premise that in order for solar thermal cooking to be successfully adopted,

the user’s experience needed to be similar to their current cooking practice. For the vast majority of

potential users, that involves cooking at a high temperature and power (i.e., rate of energy transfer),

when and where they want. In contrast, solar energy is naturally available at a low power and

requires additional manipulation to make it useful for cooking. The goal of this research is to make

solar energy useful for cooking by storing the thermal energy in a portable fashion and exploring

what materials allow it to be recovered at an acceptable power level. The specific contributions of

this work include:

1. Development of a sealed, portable solar thermal energy vessel

2. Measurement of the performance of the proposed system

3. Testing the performance of candidate materials, that operate in the 300 - 400 ◦C range, using

the proposed storage vessel

By satisfying these objectives, it is expected that potential users will have a portable solar thermal

energy system and a range of material options that they can evaluate and match with their personal

cooking style.
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2.2 Cooking with Thermal Energy Storage Materials

2.2.1 Introduction

The purpose of this study was to verify that a device using thermal energy storage materials can

cook food similar to traditional fuels. The objective of this test was to show we could bake, fry, and

sear common foods with an energy storage material that operates in the defined range of 300-400
◦C.

2.2.2 Materials and Methods

A basic cooking configuration was created using an insulated kamado style grill, NaNO3, and a

cooking pot. The setup is shown in figure 2.1. NaNO3 was selected for its energy storage capacity,

low cost, and availability. NaNO3 prills were melted in an aluminum container using a hot plate.

The molten salt and containment vessel were then placed inside a kamado grill. A 6 quart cast

iron cooking pot was then partially submerged into the molten salt. The cooking chamber was then

closed to allow the chamber and cooking pot to increase in temperature. The cooking chamber was

kept closed during cooking and lids were used to minimize heat loss in the system. Baking tests

were conducted by using a grill grate to elevate the food off the cooking surface and the lid of the

grill was kept closed.

The NaNO3 was fully melted before the test and if the food was cooked it was considered a

success. This was useful to prove the system could accomplish common cooking tasks like baking,

frying, and boiling. Caloric information was obtained from www.nutrition.gov.

2.2.3 Results

Muffins, hamburger patties, and rice were cooked in separate experiments to demonstrate the

common cooking tasks independently. In addition, a meal for several people was prepared. Steak,

pork, onion, and rice were cooked in succession, totaling 3300 food calories. The steak was seared

on both sides by placing it directly on the cooking surface and then a small grill grate was added

to reduce the heat and allow it to finish cooking. The total cooking time was approximately 14
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minutes and it was cooked to a well done state. The pork and onion were then added and fried

for 20 minutes. The mixture was fully cooked and the pork was lightly charred. Finally, the rice

and water were added. The rice was fully cooked in about 26 minutes. The total cooking time of

the meal was 1 hour. All food items were cooked to a satisfactory level and exceeded minimum

cooking standards. The meats had internal temperatures above recommended safe levels and the

rice was cooked passed the point where it was soft throughout. While cooking times and styles

differ, the times to cook each dish appear to be within commonly accepted estimates.

Figure 2.1: Cooking setup - an insulated kamado grill, a 6 quart aluminum pan with NaNO3, and
a 6 quart cast iron dutch oven.

2.2.4 Conclusions

This initial demonstration proved NaNO3 could hold and transfer enough energy, at an appropriate

temperature, to cook a significant quantity of food. The most common tasks of baking, frying,

and boiling were demonstrated. The cooking times were similar to conventional methods. This

evidence was sufficient to justify further study of NaNO3 and similar materials. The next step was
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to determine under what conditions these materials could be heated with energy collected by the

sun.

2.3 Solar Melting of KNO3 and NaNO3

2.3.1 Introduction

The main purpose of this study was to determine under what conditions high temperature ther-

mal energy storage materials like KNO3 and NaNO3 could be melted with commercial parabolic

concentrators and at what quantity.

2.3.2 Methods and Materials

Testing was conducted in Mosco, Colorado on October 24 - 27, 2014. This location was selected

based on historical weather and solar insolation data and it was forecast to have clear skies during

the testing period. Sodium nitrate and potassium nitrate were chosen as energy storage materials

for their high temperature melting point, low cost, and global availability. Tests were conducted

with 1.5 and 3 kg of KNO3 and NaNO3. In addition, containers with 4 kg of KNO3 were also

tested. Test vessels were prepared by melting the appropriate salt in an aluminum container with

an electric hot plate. A spiral of aluminum flashing was added to a portion of the vessels to act as

a heat transfer fin. The salt was allowed to cool to room temperature and the vessel bottoms were

coated with black paint to enhance their ability to absorb solar radiation. The vessels were insulated

on the top and sides with rockwool insulation. The setup is shown in figure 2.2. Solar irradiance

data were collected using a pyranometer and recorded manually. Thermocouples were mounted in

four quadrants near the top perimeter of the vessel using a layered structure of aluminum foil, as

shown in figure 2.3. Data were collected using k-type thermocouples and a portable data logger.

The material was assumed melted when the average of the quadrants was above the melting point

of the material and the melt was verified by visual inspection.

Two commercially available, unmodified parabolic cookers were used to conduct the tests. The

Solar Burner and the Sol Source were commercially available in the USA and had a contrasting set
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Figure 2.2: Solar collection setup in Mosca, Colorado. The Sol Source from One Earth Designs is
on the left and the Solar Burner from Cantina-West is on the right.

Figure 2.3: A four thermocouple configuration was used to determine if the vessel was melted.
The bends created a spring type action and helped ensure the thermocouples contacted the salt
temperature.
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Figure 2.4: This is an example of a failed melt that occurred with the Sol Source.

Figure 2.5: This is an example of a successful melt as there are no solid salt pieces observed.
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of properties. The Solar burner is a low-cost parabolic dish with a collection area of 1.5 m2. It has

a low quality reflective surface. The Sol Source has a collection area of approximately 1.1 m2 but

has a very high quality reflective coating. The geometry of the Sol Source allows it to tightly focus

the solar radiation. The two dishes were compared side by side during the second day of tests.

2.3.3 Results and Discussion

Table 2.1 - 2.3 show the results of four days of testing. The Solar Burner was used to melt 1.5 kg

of NaNO3 and up to 4 kg of KNO3. The Sol Source was used to melt up to 3 kg of NaNO3. The

direct comparison of the Sol Source and the Solar Burner is shown in table 2.3. The Solar Burner

was able to melt two additional vessels, 3 kg, of NaNO3 during a full day of testing.

The time of day appeared to have been a significant factor affecting the time to melt. This

influenced both the available solar radiation and the amount incident on the vessel surface. In the

morning, a portion of the solar radiation strikes the vessel insulation due to the angle of the sun. By

solar noon, all of the solar radiation is incident on the vessel surface. The solar irradiance data were

collected at the start and finish of each test. Only the initial value from each test is reported in table

2.1 and 2.2. Without periodic sampling of the solar irradiance, it is unclear if clouds interfered

with any of the results.

The melt patterns observed with the Sol Source suggested a heat transfer system was necessary.

The Sol Source achieved a fullmelt at the location of the focused beamwithout significant spreading,

figure 2.4. In addition, during one test a hole was melted in the bottom of the aluminum vessel

as shown in figure 2.6. The fins appeared to have improved the temperature distribution for the

Sol Source and reduced its overall heating time. The fin results were inconclusive with the Solar

Burner.
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Table 2.1: Melting results with the Solar Burner parabolic concentrator.

Irradiance Material Mass Melt Time Notes
(W/m2) (kg) (min)
950 KNO3 1.5 60
1050 KNO3 3 132
850 KNO3 4 160 Early Morning
901 KNO3 4 167 Fins
1042 KNO3 4 114 High Winds - Peak Sun
1296 KNO3 4 - Clouds and Wind
950 NaNO3 1.5 63
950 NaNO3 1.5 44 No Fins
1000 NaNO3 1.5 53 No Fins
1050 NaNO3 1.5 47 Fins
1055 NaNO3 1.5 56 Fins
1080 NaNO3 1.5 51 Fins
1080 NaNO3 1.5 33 No Fins
1080 NaNO3 1.5 41 No Fins
1083 NaNO3 1.5 40 No Fins
1092 NaNO3 1.5 42 Fins

Table 2.2: NaNO3 melting results with the Sol Source parabolic concentrator.

Irradiance Mass Melt Time Notes
(W/m2) (kg) (min)
860 1.5 - Plenum
924 1.5 - Pot Melted
950 1.5 74
950 1.5 87 No Fins
1000 1.5 150 No Fins, T Error
1026 1.5 83 No Fins, Plenum
1050 1.5 79 Fins
1069 1.5 -
1080 1.5 69 Fins
1080 1.5 80 No Fins
1092 1.5 83 No Fins
1092 1.5 109 Fins
1050 3 181
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Table 2.3: Melting times for 1.5kg of NaNO3 during a day-long side-by-side test of the Solar
Burner and Sol Source.

Concentrator Melt Time (min) Test Conditions
Solar Burner 44 No FinsSol Source 87
Solar Burner 47 FinsSol Source 79
Solar Burner 33 No FinsSol Source 80
Solar Burner 40 No FinsSol Source 83
Solar Burner 42 FinsSol Source 109

Solar Burner 41 No Fins56

Figure 2.6: NaNO3 leaked through this pan. It was damaged by the tightly focused beam of solar
energy created by the Sol Source parabolic cooker.
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2.3.4 Conclusions

KNO3 and NaNO3 were melted using commercially available parabolic cookers. It was demon-

strated that up to 3 kg of NaNO3 and up to 4 kg of KNO3 could be melted in 2 - 3 hours. Several

vessels could be melted in a single day. Future studies will favor concentrators with a large concen-

tration area, like the Solar Burner. In addition, the vessel will be designed to distribute the energy

from concentrated beams and transfer it evenly through the energy storage material. In future tests,

solar irradiance values will be collected at regular intervals so the average energy incident on the

dish during an experiment can be calculated and used to compare experiments.
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3 KNO3 Solar Heating and Recovery Testing

3.1 Introduction

The previous tests proved that it was possible to cook on and melt energy storage materials

that operate in the 300 - 400 ◦C range. This study quantifies the performance of a stored solar

thermal energy system using unmodified parabolic dishes. Tests measured (a) time-temperature

relationships during solar heating of a vessel containing KNO3 up to temperatures of 300 - 400
◦C (570 - 750 ◦F) and (b) recovery of energy from the storage vessel using a water heating test.

A water heating test was chosen to provide an indication of performance that is connected to a

common cooking task, boiling.

3.2 Vessel Design and Fabrication

The energy storage vessel was designed with a focus on using commercially available components

or simply geometries. COMSOL modeling was used to determine appropriate fin thickness and

spacing considerations. The vessel was composed of: the heat transfer unit (1 plate and 2 concentric

tubes), the energy storage material and its container, and insulation. The heat transfer plate was

cut with an abrasive water jet machine from a sheet of 6061 aluminum to create a solid cylinder

with a diameter of 8.5 inches and a depth of .25 inches. The 6 and 3 inch concentric tubes were

welded onto the heat transfer plate and then the unit was welded to the aluminum containment

vessel. A hole was drilled into the heat transfer plate and the energy storage material, KNO3, was

added. The vessel was heated in an oven at 375 ◦C. Additional KNO3 was added until the total

amount was equal to 5 kg. An attempt was made to seal the vessels with aluminum pipe plugs, but

they proved to be insufficient during solar heating and leaked molten salt. To insert the plug, the

furnace was heated to 425 ◦C for 15 minutes and the aluminum plug was inserted into the plate.
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Figure 3.1: External, cross section, and exploded view of the storage system. The 4 main system
components are labeled: (A) Pyrogel XT-E (B) Thermal storage material, KNO3 (C) 6061
Aluminum plate and tubes (D) Aluminum container. Three thermocouples (T) in the cross section
view are referenced as the plate, side, and center thermocouples.

Once the vessel was cooled, K-type thermocouples were attached with thermocouple cement at the

locations indicated in figure 3.1 in the cross section view. The vessel was then wrapped on the

sides and bottom with 50 mm of Pyrogel insulation. An outer covering of aluminum foil was used

to reduce convection losses through any gaps in the insulation and to mitigate the dust generated

by disturbing the insulation.

A coating was applied to the exposed surface of the vessel to enhance the solar absorption. Either

BBQ paint or Sol-Kote was applied per the manufacturer’s directions. Sol-Kote is designed to have

a lower emissivity ( .5) than absorptivity ( .95) and therefore emit less radiation. The BBQ grill

paint has the same emissivity and absorptivity ( .98).

3.3 Methods

The testing site for this study was chosen based on data from solar insolation maps and weather

forecasts. Nashville, Tennessee was selected as it was expected to have several days of sunshine

and historically has higher solar insolation than similar areas with expected sunshine. The tests

were carried out from October 5th - 7th, 2015. Three 1.5 m2 parabolic solar cookers were set up

as recommended by the manufacturer. The parabolic concentrators were unmodified and spaced
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Figure 3.2: Experimental setup for the solar heating tests.

sufficiently apart so that they would not cast a shadow on each other during the duration of a test. A

picture of the setup is shown in figure 3.2. Twelve vessels were fabricated as described in section 3.2

and individually numbered. Four thermocouples were connected to a portable datalogger to record

temperature data during charging. Three thermocouples were cemented to the vessel and one was

used to measure ambient air temperature. Direct normal solar irradiance data and temperature

readouts from the data loggers were recorded manually by the user every 15 minutes during testing.

The energy storage material contained within the vessel was considered completely melted and the

vessel "charged" when the vessel’s center thermocouple reached 340 ◦C, ∼5◦C above the material

melting point. The vessel was then removed from the parabolic cooker and the thermocouples were

transferred to a separate data acquisition system for water boil tests. Three thermocouples from the

vessel and an additional K-type thermocouple for the water were used to record the temperature of

the system as it heated successive 1 L volumes of water from ambient temperature to 95 ◦C. At 95
◦C, the water was removed and replaced with fresh water. The test was concluded when the water

temperature failed to reach 95 ◦C and began to decline. 95 ◦C was chosen to approximate a full

boil while limiting the amount of energy lost due to water vaporization.

Figure 3.3, provides a graphical description of how energy was transferred by the system during

energy collection and recovery. Figure 3.4, provides an estimate of the magnitude of these transfers

for the system described in this paper. The solar irradiance and water boil test data were used to

calculate the efficiency of the stored solar thermal energy system. The efficiency of the system was

calculated as follows:
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System Efficiency =
Energy Recovered

Available Solar Radiation
(3.1)

where the available solar radiation in megajoules (MJ) was calculated from the solar irradiance

data and represents the amount of sun shining over the area of the dish while the vessel was

charging.

Available Solar Radiation = (Radiation1 ∗ t1 + ... + Radiationn ∗ tn) ∗ Adish (3.2)

where the solar irradiation measurement (Radiationn) is in MW/m2, the time tn is in seconds,

and the Adish is in m2. This value provides an estimate for the maximum amount of solar radiation

that could have been collected, rather than the actual amount of solar radiation concentrated and

collected into the vessel. This provides a fair means to compare systems with more efficient

charging mechanisms such as highly reflective coatings, smaller vessels, and better concentration

schemes.

The energy recovered was calculated by equation 3.3:

Energy Recovered = (mwater1 ∗ ∆T1 + ... + mwatern ∗ ∆Tn) ∗ Cpwater (3.3)

where ∆Ti is the change in water temperature for each successive liter of water, mwateri is the

mass of water for each test (1 kg), and Cpwater is the heat capacity of water (4.184 J/g◦C). The final

heating attempt was included in equation 3.3 whether it reached 95 ◦C or not.
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Figure 3.3: The efficiency of the system was measured by the total amount of energy recovered in
the water heated in the water boil tests divided by the total available solar radiation. This figure
notes where energy is being lost in this process.

Figure 3.4: Approximate distribution of the total available solar radiation incident on the dish.
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3.4 Results

Over the course of three days, 26 attempts were made to charge the KNO3 vessels. Four of the

experimentswere excluded because the testswas ended before the vessel reached 340 ◦C; insufficient

personnel time was available to complete these experiments. Two more were excluded because the

vessels were removed from charging before reaching 340 ◦C to evaluate the test procedure.

3.4.1 Vessel Charging

The solar irradiance during charging averaged 958 W/m2 with a minimum of 817 W/m2 and a

maximum of 1006W/m2. The 12 vessels were tested a total of 20 times and took an average of 141

minutes to charge. A representative temperature verse time graph during vessel charging is shown

in figure 3.5. The thermal couple nearest to the charging surface, the plate thermocouple, heats

up first and then all three thermocouples rise at a similar rate. At approximately 45 minutes into

the test a leveling off of all three thermocouples can be observed as KNO3 undergoes a solid-solid

phase transition. At 150 minutes into the test, the plate temperature decreases because a large cloud

blocked the sun and the top plate began cooling. In addition, the side and center thermocouples

leveled off again as the KNO3 completes a solid-liquid phase transition.

Unfortunately, many vessels leaked molten salt during testing. They leaked between 5 and 50

grams of KNO3 during a single charge cycle. The aluminum plug became soft during fabrication

and may have prevented adequate tightening, allowing salt to be discharged from the vessel. The

vessel design and sealing process has since been modified and the vessels no longer leak. This

process is described in section 4.2.
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Figure 3.5: Sample output data from vessel charging. Vessel was charged on October 7th, 2015
from 8:30 am to 11:15 am.

3.4.2 Energy Recovery

Overall, an average of 2.3 MJ of energy was recovered from each vessel, boiling 7 - 8 L of water.

This neglected any energy lost due to evaporation and the remaining energy in the vessel. The total

energy stored, from 340 C to 25 C, was calculated to be 3.1 MJ. Table 3.1 shows the average time

for the first 5 L of water to go from ambient temperature to 95 ◦C for the 20 completed tests. After

5 L, vessel performance was less predictable and dependent on the specific charging conditions for

that vessel. Table 3.2 lists the average power level of the 20 tests for each individual liter of water

boiled and the 5 L summary. Figure 3.6 shows an example of the temperature characteristics of

the vessel during a recovery test. While the vessel was removed when the center thermocouple

reached 343 ◦C, the vessel equilibrated at 350 ◦C. Since the initial temperature of the plate and

side thermocouples were above 340 ◦C, this test would be expected to boil the average number of

liters of water. If the plate and side thermocouple were much higher than the center thermocouple,

it would be expected to boil an extra liter or two of water. In this case, 7 L of water were boiled

and an 8th liter was heated to 93 ◦C.

The average system efficiency for the 20 tests conducted was 19%. For morning tests that began

after 8 am and finished charging by 12 pm, the average system efficiency was 17.9%. For midday
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Figure 3.6: Sample output data from the water boil test. Seven liters of water were boiled with an
eighth liter approaching 95 ◦C. Vessel was charged on October 7th, 2015 from 8:30 am to 11:15
am. This is the same vessel used in figure 3.5.

Table 3.1: Average time (mm:ss) to boil for each liter of water during vessel recovery.

Liter
1st 2nd 3rd 4th 5th 5L Total

Average Time to Boil 3:33 4:19 5:54 7:23 8:21 29:31
Standard Deviation 1:14 1:31 1:34 1:20 1:30 6:18

Table 3.2: Average power (W) for each liter of water during vessel recovery.

Liter
1st 2nd 3rd 4th 5th 5L Total

Average Power 1397 1152 843 660 576 816
Standard Deviation 369 266 219 109 102 151
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tests that began after 11am and concluded by 2 pm, the average system efficiency was 21.6%. Using

aWelch Two Sample t-test (nmorning=8, nmidday=7, t=-3.2882, df=10.519, p-value=0.007654), there

was a significant difference between the two testing periods. This can be expected as solar irradiation

values were increasing between these two time periods and the parabolic dishes direct more energy

to the charging surface when the sun is higher in the sky.

Only the morning test had enough samples to compare the performance of the surface coatings.

The average efficiency was 19.5% and 16.9% for the Sol-Kote and BBQ paint respectively. Using

a Welch Two Sample t-test (nbbq=5, nsol=3, t=-3.7894, df=4.315, p-value=0.01678), the Sol-Kote

coating had a significant impact on the system efficiency. Similar improvements were observed for

charging time and system efficiency in general, but the significance could not be confirmed using

statistical analysis.

3.5 Conclusions

Solar thermal energy can be collected in portable vessels and used to boil and heat several liters of

water. The vessels, containing 5 kg of KNO3, were charged using commercially available parabolic

solar cookers in about 141 minutes and at their peak charge, boiled 7 - 8 L of water. The average

power output of the vessel for the first 5 L was ∼800 W. The vessels were used to recover 2.3 MJ

of energy in a useful manner, with an average efficiency of 19%. The results are promising for

the development of stored solar thermal energy systems for cooking and other small-scale uses of

thermal energy, including space heating, grain drying and other types of food processing, charging

electronics and lighting. Further work is expected to improve solar charging time, to improve

system efficiency, and to study its acceptability to users.
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4 Measuring the Energy Recovered from Solar Thermal
Energy Storage Materials

4.1 Introduction

The purpose of this study is to experimentally compare the performance of candidate thermal

energy storage materials and determine the important characteristics to consider when selecting

a material for a portable vessel. Several materials were reviewed and their theoretical energy

storage capabilities were calculated. Five candidate materials were selected and test vessels were

fabricated containing the candidate materials. An energy recovery test was conducted on these

candidate materials and used to evaluate and compare them.

4.2 Vessel Fabrication

The vessel fabrication process described in section 3.2 was updated to prevent leaks. Previously,

salt could become trapped in the plug threads and prevent it from sealing. Having a closed vessel

extends the utility of the device as it can then be used in any orientation and with hygroscopic

materials. The vessel was composed of: the heat transfer plate and 2 concentric tubes to act as

heat transfer fins, the energy storage material and container, the insulation, and an outer shell with

handles. The heat transfer plate was cut with a water jet from a sheet of 6061 aluminum to create a

solid cylinder with a diameter of 8.5 inches and a depth of .25 inches. The fins were made from 6

and 3 inch ID 6061 aluminum with .25 inch walls and were cut to 3.75 inch lengths. A .0625 inch

slot was cut at a depth of 1.875 inches from the top and the bottom in each of the concentric tubes,

180 degrees apart as shown in figure 4.1. The concentric tubes were centered and welded to the

heat transfer plate. The slot creates a channel for air to escape when the assembly is inserted into

molten thermal storage material. The thermal storage material was melted inside the containment

vessel and then the heat transfer assembly was lowered into the molten material. This assembly
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was then welded, at room temperature, around the perimeter of the heat transfer plate to seal the

vessel. A .0625 inch diameter vent hole was then drilled into the weld and it was reheated to the

maximum operating point (the material boiling point or above 401 ◦C) and rewelded to seal the

vessel before cooling. This was done to prevent the vessel from deforming under normal heating

cycles and reduce any risk of over-pressurizing the vessel. The heat transfer plate was coated with

Sol-Kote and baked at 200 ◦C per the manufacturer’s recommendations. Two k-type thermocouples

were secured to the bottom center of the containment vessel with thermocouple cement. The vessel

was then wrapped in insulation and an outer shell was secured around the vessel. The complete

assembly is shown in figure 4.2. This process produced vessels that maintained salt containment

and did not leak when maintained below the maximum operating temperature.

Figure 4.1: Slots are cut into the heat transfer surface to allow fluid movement during construction.
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Figure 4.2: External, cross section, and exploded view of the storage system. 1: Two 12" x 3"
Aluminum containers 2: Pyrogel XT-E, 3: Thermal storage material (TSM) 4: 6061 Aluminum
plate and tubes 5: 8" x 4"Aluminum TSM container

4.3 Materials and Methods

4.3.1 Review of Candidate Materials

A search for candidate materials began by looking for materials that can operate in the 300 - 400
◦C range. This range was selected based on the goal of emulating fire and the positive results

discussed in section 2.2 and chapter 3. Section 1.3 reviewed several heat storage systems and

materials, section 1.3 specifically covered high temperature materials, from these reviews four

candidate latent heat storage materials were selected and one sensible heat storage material.

Since KNO3 was previous studied in section 3, it was included as a candidate material. While

technical data was not previously collected, NaNO3 was also included due to its cooking perfor-

mance in section 2.2. KNO3 and NaNO3 are common materials used throughout the world as

fertilizers and are available at a low cost, under $1 USD/kg. NaNO3 has a similar operating range

as KNO3 and both are considered chemically stable until 450 ◦C, at which point there is a higher

probability of a reversible nitrate to nitrite reaction [39].

A mixture of KNO3 and NaNO3 is used in concentrated solar thermal power plants as a thermal

transport fluid and NTNU uses it in their solar thermal storage research systems. It has a significant

advantage in a sealed system, as it boils at a much higher temperature than either component

independently. Its phase change is in the 200 - 300 ◦C range depending on the composition,

allowing a comparison of a material with a lower phase change temperature that can be tested up to
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the same operating temperatures as KNO3 and NaNO3. The mixture chosen for this study, (60/40

mol%) NaNO3/KNO3, has a melting point at ∼235 ◦C.

Hygroscopic materials are very difficult to work with and must be kept dry to maintain the

integrity of the material. Two high potential hygroscopic materials were identified that operated

in the 300 - 400 ◦C range and have a latent energy of ∼370 - 400 kj/kg [40]. Early testing with

an (80/20) mixture of NaOH and NaCl, demonstrated the difficulty in using hydroscopic materials.

This mixture was excluded because it is incompatible with the aluminum containment system

described in section 4.2 and a material with similar characteristics was available. The similar

material, a mixture of MgCl2KCl NaCl (37/20.5/42.5 wt%) is compatible with the vessel described

in this work. This mixture operates at the high limit of our desired temperature range, having a

melting point between 380 - 400 ◦C and was reported to store a significant amount of energy in the

phase change, ∼400 kj/kg. The mixture was selected because it has the highest latent energy and

the lowest heat capacity out of the four candidate materials. These chlorides have a low cost and

do not have the regulatory restrictions that apply to oxidizers like KNO3 and NaNO3.

In addition to the four latent heat storage materials, a vessel containing a solid aluminum

cylinder was created. While using a machined or extruded aluminum cylinder would probably be

prohibitively expensive from a commercial standpoint, a cast part of aluminum could be fabricated

in bulk for around $4 USD/kg. Depending on the manufacturing costs of the latent heat systems,

this could be cost competitive. The cylinder available for testing had a comparable volume to the

test vessels, 3.1 compared to 3.2 dm3. The cylinder weighed 8.7 kg, while each latent system

weighed 7 kg when the aluminum heat transfer and containment vessel are included.

4.3.2 Theoretical Energy Storage Calculations

The following tables report how much energy can be stored in the candidate materials and select

material alternatives. Several heating options are reviewed since there are different contexts under

which a thermal heat storage material may be evaluated. The material melting point and the

maximum operating point (MOP) were selected as the upper limits for heating.

The estimated energy stored from 25 ◦C to the melting point has been calculated in table 4.1

and in table 4.2 for the MOP. NaNO3 has the highest heat capacity in the solid state of this
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group, consequentially it has the highest energy stored through the phase change. Erythritol and

LiNO3 have very high heat capacity values in the liquid phase and outperform many of the other

materials when taken to the MOP. Even though pentaerytritol stores a significant amount of energy

in the phase change, its low heat capacity and temperature range make it a low performer for this

application. This test case demonstrates that it is advantageous to use a material with a high heat

capacity, particularly in the liquid phase, and operate at a high temperature.

At the conclusion of the water boil tests described in chapter 3, the last boil occurred at ∼115
◦C. This was then used as an expected endpoint to calculate how much energy would be available

to boil water. The materials were re-evaluated and ranked, this time considering expected water

boil performance. The results are displayed in table 4.3, up to the material boiling point, and

table 4.4, up to the maximum operating temperature. Overall the trends are similar. The relative

performance of NaNO3 is lower compared to Erythritol and LiNO3, again due to their heat capacity

in the liquid phase. These energy calculations were created using static heat capacities and these

results show it could be advantageous to use temperature dependent values to build a more accurate

model. Unfortunately, there is variability in the reported measurements and limited availability for

some materials so it may not have improved these estimates. KNO3 stayed in the bottom half of

expected performance in all four tables. A conservative value of 100 kj/kg was used for its latent

heat of fusion, the reported values in the literature ranged from 90 to 260 kj/kg.

The results from tables 4.1 - 4.4 did not justify the additional material costs, reactivity, and

cycling risks associated with LiNO3, Erythritol, and NaOH NaCl (80/20), as each material was

comparable to one of the candidate materials; NaNO3, NaNO3/KNO3 (60/40), and MgCl2 KCl

NaCl (37/20.5/42.5) respectively. Aluminum, KNO3, NaNO3, NaNO 3/KNO3 (60/40), and MgCl2

KCl NaCl (37/20.5/42.5) were tested. The four candidate latent heat materials are ranked using

the energy stored by volume in tables 4.1 - 4.4. Since comparing the materials experimentally by

weight is more practical, the candidate materials have been reranked by weight, under the same

conditions, in tables 4.5 - 4.8. The following study compared the materials by weight when heated

to the MOP and measured the energy recovered with a water boil test.
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Table 4.1: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by volume when heated from 25 ◦C to the melting point.

Melting Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

NaNO3 307 712 1610
LiNO3 255 581 1382
MgCl2 KCl NaCl (37/20.5/42.5) 385 756 1360
NaOH NaCl (80/20) 370 543 1159
KNO3 335 523 1104
Erythritol 118 468 678
NaNO3/KNO3 (60/40) 220 375 674
Pentaerythritol 185 409 573

Table 4.2: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by volume when heated from 25 ◦C to the maximum operating temperature (boiling point
or 401 ◦C).

Operating Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

LiNO3 401 878 2090
NaNO3 380 849 1920
Erythritol 330 1054 1528
MgCl2 KCl NaCl (37/20.5/42.5) 401 771 1388
NaNO3/KNO3 (60/40) 401 664 1196
NaOH NaCl (80/20) 401 558 1192
KNO3 400 536 1132
Pentaerythritol 276 469 657
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Table 4.3: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by volume when heated from 115 ◦C to the melting point.

Melting Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

NaNO3 307 548 1239
MgCl2 KCl NaCl (37/20.5/42.5) 385 669 1205
LiNO3 255 497 1183
NaOH NaCl (80/20) 370 498 1063
KNO3 335 355 928
Erythritol 118 344 498
Pentaerythritol 185 349 489
NaNO3/KNO3 (60/40) 220 267 480

Table 4.4: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by volume when heated from 115 ◦C to the maximum operating temperature (boiling point
or 401 ◦C).

Operating Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

LiNO3 401 795 1892
NaNO3 380 686 1550
Erythritol 330 929 1348
MgCl2 KCl NaCl (37/20.5/42.5) 401 685 1232
NaOH NaCl (80/20) 401 513 1096
NaNO3/KNO3 (60/40) 401 556 1001
KNO3 400 440 928
Pentaerythritol 276 410 574
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Table 4.5: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by weight when heated from 25 ◦C to the melting point.

Melting Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

MgCl2 KCl NaCl (37/20.5/42.5) 385 756 1360
NaNO3 307 712 1610
KNO3 335 523 1104
NaNO3/KNO3 (60/40) 220 375 674

Table 4.6: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by weight when heated from 25 ◦C to the maximum operating temperature (boiling point
or 401 ◦C).

Operating Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

NaNO3 380 845 1910
MgCl2 KCl NaCl (37/20.5/42.5) 401 771 1388
NaNO3/KNO3 (60/40) 401 592 1065
KNO3 400 536 1132
Aluminum 401 472 1275

Table 4.7: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by weight when heated from 115 ◦C to the melting point.

Melting Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

MgCl2 KCl NaCl (37/20.5/42.5) 385 669 1205
NaNO3 307 548 1239
KNO3 335 355 928
NaNO3/KNO3 (60/40) 220 267 480

Table 4.8: Candidate thermal energy storage materials ranked by highest total energy density
(TED) by weight when heated from 115 ◦C to the maximum operating temperature (boiling point
or 401 ◦C).

Operating Point TED - Weight TED - Volume
[◦C] (kj/kg) (MJ/m3)

MgCl2 KCl NaCl (37/20.5/42.5) 401 685 1232
NaNO3 380 681 1540
NaNO3/KNO3 (60/40) 401 484 871
KNO3 400 440 928
Aluminum 401 359 970
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4.3.3 Experimental Setup

The recovery tests completed in chapter 3 with the KNO3 vessels were repeated with the aluminum

vessel and sealed vessels containing 5 kg of the four candidate energy storage materials - KNO3,

NaNO3, a 60/40 mol% mixture of KNO3 and NaNO3, and the 60/20.4/19.6 wt% mixture of MgCl2

KCl NaCl. An electric resistance heater, instead of the solar concentrator, was used to charge the

vessel to its MOP minus ∼20 ◦C. This offset was added to protect the vessels from overheating.

Four temperature data points were recorded for each test: two measured the coldest point of the

vessel, one measured the water being heated, and one alternated between ambient and the next liter

to be heated. Water boil tests were carried out immediately after heating for each vessel. In brief,

successive 1 L pots of distilled water were brought from room temperature (20 - 25 ◦C) to 95 ◦C.

The tests were concluded when the temperature of the water failed to reach 95 ◦C. The resultant

temperature and time data were then used to calculate the energy recovered and power output of the

vessel. In addition, several storage tests were completed with the 60/40 mol% mixture of KNO3

and NaNO3 and the resulting data was analyzed in a similar manner.

4.4 Results

4.4.1 Instantaneous - Without Storage

Table 4.9 reports the energy recovered from eachmaterial. The energy recovered on a volume basis,

was calculated using the density of the thermal storage portion of the vessel. The density calculated

from components 3, 4, and 5 from figure 4.2 was ∼2000 kg/m3. The energy recovered from the

aluminum test was used to calculate the recovered energy from the aluminum portions of the four

candidate materials. The energy contained in 2.08 kg of aluminum, adjusted for the different MOP

ranges, was subtracted from the energy recovered from each material. An estimate of the energy

stored in the vessel was reported. This estimate was calculated by considering the amount of energy

stored in the heat transfer system and the energy storage material from the operating temperature

to 25 C.

An example temperature profile during the water boil test and the associated water temperature
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Table 4.9: Summary of the average energy recovered from the candidate materials. Italics text
indicates a calculated result. The test measured the energy recovered from the vessel, which
included the heat transfer system and the energy storage material.

Vessel Storage Material
Operating Energy Recovered Recovered Recovered

Temperature Stored Energy Energy Energy
C MJ MJ kJ/kg MJ/m3 kJ/kg MJ/m3

NaNO3 360 5.0 2.93 396 794 487 1101
NaNO3/KNO3 (60/40) 380 4.1 2.66 360 722 428 771
KNO3 380 3.4 2.35 318 638 366 773
Aluminum 385 3.9 2.18 250 675 250 675
MgCl2/KCl/NaCl 380 2.6 1.74 235 472 244 439(37/20.5/42.5)

is presented for each material in figures 4.4 - 4.3. These figures verify three of the four latent heat

materials achieved a full melt. The (37/20.5/42.5) wt% mixture of MgCl2 KCl NaCl was excluded

from the remaining results because it did not fully enter the liquid state.

Figure 4.8 reports the average energy recovered for each of the nitrate materials and compares

the average energy recovered with and without temperature outliers. While care was taken to have

each test at the same initial temperature for a particular material, a few tests had initial temperatures

more than one standard deviation outside the mean. Two NaNO3 results and one KNO3 result were

excluded from the averages reported. In both cases, the energy recovered from these vessels were

several standard deviations away from the mean when compared to the remaining data points. If

we use KNO3 as a baseline, the difference in the average energy recovered corresponds to one

additional liter boiled for the (60/40) mixture of NaNO3/ KNO3 and two additional liters boiled

with NaNO3.

The number of complete boils and the average time to reach each individual boil is displayed

in figure 4.9. The time to boil is commonly reported and is an intuitive number for consumers.

However, the time to boil does not take into account the initial temperature of the water and

therefore does not accurately reflect the energy transferred into the water. Figure 4.10 reports the

average power - i.e., energy per unit time - delivered during each test, for each material. Figure

4.11 is figure 4.10 replotted with the error bars removed and connecting lines to help visualize

changes in the power output. The cumulative power represents the average power delivered up to
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the conclusion of that point in the series of water boil tests. Position 5 for instance, is the sum of

the energy recovered from boil tests 1 - 5 (the first 5 L of water boiled) divided by the sum of the

duration of boil tests 1-5. The cumulative power and trend lines are reported in figure 4.12 and

4.13.

Figure 4.3: Sample output data from the water boil test for the aluminum vessel (V). Six liters of
water (W) were boiled with a seventh liter leveling off at 90 ◦C. This vessel was heated to 384 ◦C.
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Figure 4.4: Sample output data from the water boil test for the KNO3 vessel (V). Seven liters of
water (W) were boiled with an eighth liter approaching 90 ◦C.

Figure 4.5: Sample output data from the water boil test for the NaNO3 vessel (V). Nine liters of
water (W) were boiled with a tenth liter approaching 76 ◦C.
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Figure 4.6: Sample output data from the water boil test for the NaNO3/KNO3 vessel (V). Eight
liters of water (W) were boiled with an eighth liter leveling off at 86 ◦C.

Figure 4.7: Sample output data from the water boil test for the MgCl2 KCl NaCl (37/20.5/42.5)
vessel (V). Five liters of water (W) were boiled with a sixth liter leveling off at 80 ◦C. The
material did not make a complete transition into its liquid phase.
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Figure 4.8: The average energy recovered from successive water boil tests for the nitrate
materials. NaNO3 had two data points and KNO3 had one data points removed due to the
materials being underheated or overheated respectively. The standard deviation for each range of
tests were also reported.

Figure 4.9: The average time to reach each water boil in a series of successive attempts was
reported for each material. The standard deviations were also included. The times are reported
only for tests when the vessel was heated to within one standard deviation of the mean vessel
temperature.

48



Figure 4.10: The average power output for successive 1 L water boil tests.

Figure 4.11: The average power output for successive 1 L water boil tests. This is figure 4.10
replotted to visualize the change in power output after each boil.
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Figure 4.12: Average cumulative power of each candidate material. This represents the average
power delivered up to the conclusion of that point in the series of water boil tests.

Figure 4.13: Average cumulative power of each candidate material visualized as a line graph to
observe trends.

50



4.4.2 Storage

A series of storage tests were conducted for the NaNO3/KNO3 (60/40) vessel. The system was

heated to the same initial temperature, ∼380 ◦C and stored - allowed to cool - for the specified period

of time. The vessel was covered with a lid that was created with 2 inches of Pyrogel insulation.

Select water heating and vessel temperature curves are presented in figure 4.14. Between the

instantaneous water boil test and the 5 hour storage delay, there was a 1 L reduction in capacity for

each hour in storage. The energy recovered from the vessel is reported in figure 4.15. The power

results are presented in figure 4.16 and the cumulative power results are presented in figure 4.17.

An additional test for each the 5 and 6 hour storage delays were included where the vessel, with the

lid, was stored in an insulated container.

Figure 4.14: Preliminary storage results for the NaNO3/KNO3 (60/40) mixture. The vessels (V)
were stored from 0 hours (S0H) to 5 hours (S5H). The water (W) temperature was reported for the
instantaneous (S0H) and 5 hour storage condition.
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Figure 4.15: Preliminary recovery results for the NaNO3/KNO3 (60/40) mixture. The vessels were
stored from 0 to 6 hours. Vessels with an * were stored in an insulated container.

Figure 4.16: Preliminary storage results for the NaNO3/KNO3 (60/40) mixture.
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Figure 4.17: Preliminary storage results for the NaNO3/KNO3 (60/40) mixture.
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4.5 Discussion

Five metrics - the temperature profile during energy recovery, time to boil, power, cumulative

power, and the total energy recovered - were reported for the KNO3, NaNO3, a 60/40 mol%mixture

of KNO3 and NaNO3, and aluminum vessels. The temperature profile provides a history of the test

and is an essential reference when trying to determine why the material performed as reported.

As described previously, the time to boil was reported because it is intuitive for practitioners and

laypersons alike to think about the performance. The total energy recovered provides an estimate

of the energy or cooking capacity under the prescribed conditions, ∼MOP to ∼115 ◦C. The total

energy recovered does not provide a complete picture of the performance, this is why it is necessary

to report the power.

In this study, power was reported for every liter of water boiled. The power metric tells the user

how fast energy is being transferred into the water. The power is dependent on the heat transfer

system of the vessel and the heat transfer setup between the vessel and the cookware. Since these

tests used the same heat transfer setup, we can compare the expected performance of the materials.

A low power result indicates that it is more difficult to transfer heat out of the material and if

higher power levels are desired, a more complex heat transfer system would need to be used. The

cumulative power can be used to estimate the performance when larger quantities of water are

heated. In tests conducted with the nitrate mixture, higher power levels were achieved than what

was estimated by this metric but it was a sufficient estimate. The remainder of the discussion

focuses on the specific details that may have contributed to the performance of each material. This

discussion is summarized in table 4.10.

Table 4.10: Summary of the performance trade-offs between the different materials tested

Benefit Deficiency
NaNO3 Energy Capacity Power Output
NaNO3/KNO3 (60/40) Power Output and MOP Power Stability
KNO3 Power Stability Performance
Aluminum Power Output, MOP, and Solid Power Stability
MgCl2 KCl NaCl (37/20.5/42.5) Predicted Capacity Off-gassing
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4.5.1 Instantaneous - No Storage

The solid aluminum vessel was simple to fabricate and performed very well. Recall figure 4.10

compares the power of the nitrate vessels with the aluminum vessel. The aluminum vessel had the

highest power output and fastest water boil performance of the materials tested; it only took 20

minutes to boil a total of 5 L of water, in 1 L increments. The 6061 Aluminum has excellent heat

transfer characteristics and can transport energy very quickly to the vessel surface and the water.

Energy density and vessel weight is the biggest concern with the aluminum system. It was the

heaviest vessel tested and only 2.18 MJ of energy was recovered from the vessel. The high power

output would be advantageous for frying, but it would be mismatched where foods are expected

to simmer for hours. In communities that use heat retention baskets - where the food would be

brought to a boil and then placed in an insulated bag to continue cooking - the simple aluminum

cylinder would be very useful.

Recall that the performance of the KNO3 vessel is reported in figure 4.4. When compared

with figure 4.11, it is evident from the slope change that the KNO3 material completed its phase

change by the conclusion of the fourth boil. The average power levels follow a linear trend for the

remaining boil attempts. KNO3 has the lowest heat capacity among the nitrates and the highest

melting point, therefore it would be the first mix to undergo and complete its phase change. In

addition, it stores the least amount of energy as latent heat. It maintained the highest temperature

of the nitrate materials for the first several boils, but not the highest power level. This makes sense

since it is supposed to have the lowest liquid and solid thermal conductivity of the nitrates, and

its early transition to a solid state limits any convective heat transfer gains from the molten salt.

While the KNO3 vessel was heated to the same temperature as the nitrate mixture and the aluminum

cylinder, all three of the candidate materials had a higher initial power output, including the NaNO3

vessel that was heated to a lower temperature. This result further confirms the influence of thermal

conductivity and the limited convective influences due to the early phase transition. Though its

overall power level was lower than the other materials, it decreases in power at the lowest initial

rate as can be observed in figure 4.13. This means it is providing a steadier initial power output

until the end of its phase change.

KNO3 has a lower heat capacity, thermal conductivity, and latent heat of solidification. From a
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performance perspective, there does not appear to be a strong advantage to use this material over

NaNO3. On the other hand, having a higher melting point does make it more difficult to overheat

the vessel. In addition, KNO3 stores a lower amount of energy, therefore it will heat quicker than

the other nitrate options. In situations where high levels of energy are not required and the power

level is sufficient, it would be a good option to consider when heating the device with solar thermal

energy.

Recall that an example vessel and water boil temperature profile for the NaNO3 test is reported

in figure 4.5. When compared with figure 4.11, it can be observed that it completed its phase

change at the end of boil 6. At the bottom of the vessel it began the phase change in between

the second and third boil. We can observe a similar slope between the 1st and 2nd boil and after

the 6th boil. Implying that the sensible heat is dominant in these ranges. During the 2nd boil,

the temperature is reduced and the material begins transitioning to a solid throughout the vessel.

The remaining superheat is exhausted by the end of the third boil and a section of steady power

is released between the 4th and 6th boils. NaNO3 has two steady power outputs, ∼1200 W until

the end of the second boil and ∼600 W between the 4th and 6th boils, when used under the test

conditions. It also contained the most energy, with approximately 2.9 MJ being recovered. It could

be an ideal material for briefly frying foods and could provide a strong simmer for a large quantity

of food. The larger capacity of energy storage of course requires a longer time to heat, given the

same conditions and equipment.

The reason twoNaNO3 tests had to be removedwas because the vessel was overheated and the top

plate became convex. This was due to a malfunctioning hotplate that may have caused the NaNO3

to boil. Since the sidewalls and bottom surface are constrained by the insulation and a binding

wire, the pressure is exerted on the cooking surface. The mechanical properties of aluminum, at

this temperature, are significantly reduced and this increase in pressure caused it to deform. The

mechanics of heat transfer limit the probability of overheating NaNO3 in practice, but there is a

greater chance of overheating when compared to KNO3 and the (60/40) NaNO3/KNO3 mixture

since they have higher boiling points.

The performance of the nitrate mixture, (60/40) NaNO3/KNO3, can be reviewed in figures 4.6 and

4.11. It begins with a comparatively high power output and then continues to decline in power with

a slight respite as it undergoes its phase change between the 3rd and 6th boil. In this test, the mix
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had ∼150 ◦C of superheat which allowed for an increased heat transfer rate due to convective forces

within the liquid. Additionally, it has the highest thermal conductivity (solid) of the nitrates which

may help it continue to release energy quickly even as it begins to solidify along the aluminum

heat transfer surface. The mix provided the highest power output when compared to the individual

nitrates until its 5th L of water. The nitrate mixture is the most flexible material option. In practice,

the charging time and the level of superheat can be balanced by the specific needs of the user in a

given day.

The main advantage of the nitrate mix is in fabrication and in risk reduction. In this study the

tests were carried out near the MOP of each material to maximize the amount of energy that can

be recovered from each vessel. This proved detrimental to the NaNO3 and the chloride mixture as

these vessels were damaged due to an issue with overheating. The nitrate mix has a much higher

boiling point, ∼550◦C, so it can be sealed at a much higher temperature than potential users are

likely to achieve with a small-scale concentrator. Where small missteps during sealing or reheat

could cause the other vessels to be damaged, the nitrate mix provides for a large margin of error in

both the use and sealing of the vessel.

The chloride vessel presented a new challenge in vessel sealing because it off-gassed throughout

the sealing process. During heating, the material was observed to condense on the ventilation

equipment and any high thermal conductivity surface. During the final welding process, the vapor

would interfere with and ultimately push out the weld. In order to obtain a seal, the weld needed

to be attempted several times as the vessel cooled. It is assumed initial vessels failed without a

successful result because they may not have been entirely melted when it was sealed. Another

vessel was created by allowing the material to rest for several hours in the molten state. The MOP

was exceeded and it was sealed at 425 ◦C without further difficulty. Unfortunately during heating,

the vessel deformed even though it was kept under the sealing temperature. This suggests the

material continued to off-gas and pressurized the vessel. A similar chloride vessel in was also

overheated and later a cross section was taken, figure 4.18. The small voids indicate only a portion

of the salt melted, while the large solid sections verify it never fully melted after the initial sealing.

This material appears to be incompatible with the containment methods described in this work. It

was expected to have a power characteristic similar to KNO3 but at a higher power output and with

the storage capacity of NaNO3. While several attempts to recover energy from this vessel were
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recorded, it was clear from the temperature - time graphs that the material did not complete its

phase change. As the vessel deformed, it became increasing difficult to heat and improbable that

reliable recovery data could be collected.

Figure 4.18: Cross-sectional cut of an 8" x 4" vessel filled with MgCl2 KCl NaCl (37/20.5/42.5).

4.5.2 Storage

The storage results for the NaNO3/KNO3 (60/40) mixture were reported in figures 4.14 - 4.17. In

figure 4.14, we can see the 6th liter in the instantaneous test had similar performance as the 1st

liter under the 5 hour storage condition. The vessel temperature at the beginning of these two tests

were similar. Similarly, the 4th liter of the instantaneous test begins at the same temperature as the

2 hour storage condition. A similar power output is reported in figure 4.16 for these two tests. We

can predict the performance in storage by matching the stored temperature of the vessel with the

temperature - time graph of a vessel that began a boil at the same temperature.

The result in figure 4.14 also lends evidence that the high power output of the mixture was

associated with the liquid phase of the material. The bottom of the vessel for the two and three hour
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storage conditions had entered the phase change by the end of the third and second boil respectively.

The power output is greatly reduced at that point. The vessel under the instantaneous condition

entered the phase change near the beginning of the fourth boil, its power level at that point is similar

to when the one hour and two hour vessels underwent the phase change.

As observed in figure 4.15, a large portion of the overall energy is lost in the first hour of storage

as the energy is transferred into the lid. Between the 2nd and 5th hour of storage, the recovered

energy decreases in a linear fashion. In an attempt to increase the energy recovered in storage, two

of the test were conducted in an insulated container - a kamado grill - in addition to the Pyrogel

insulation and lid. This additional containment increased the number of liters boiled by 1 L.

4.6 Summary and Conclusions

KNO3, NaNO3, and a (60/40) mixture of NaNO3/KNO3 were successfully sealed and tested in a

portable vessel. Between 2.3 and 2.9MJ of energy was successfully recovered from these vessels at

initial power levels of 1000 to 1650 W. The three systems had similar performance characteristics

with each having minor advantages. Specifically, KNO3 had a fairly stable power output; the largest

quantity of energy was recovered from NaNO3; the NaNO3/KNO3 mixture demonstrated a very

high power output that declined in a fairly linear fashion. In addition, while the lowest amount

of energy was recovered on a per weight basis from the aluminum vessel, it was competitive in

performance and required significantly less effort to produce. Any one of these materials could

be used successfully to cook one or more meals for a small family, save a significant amount of

cooking fuel, and prevent the release of harmful pollutants.

A high power range of 1600 - 2150 W was achieved by the nitrate mix and the aluminum

cylinder. The convective heat transfer and high thermal conductivity respectively, were more

important than the temperature of the system in achieving a high power output. While most of the

lower temperature materials were excluded for high cost or expected cycling complications, the

performance of the nitrate mixture may justify further review of materials with a phase change in

the 200 - 300 ◦C range that have an MOP at or above 400 ◦C.

KNO3 and NaNO3 are easily accessible and easy to work with. They do not require special
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precautions when heating such as inert atmospheres, desiccants, and can work effectively when

used alone or when combined. Similarly, aluminum provides a very high performance option with

minimal manufacturing effort. These materials can extend the use of solar thermal cooking devices

and provide an effective means to cook when the sun is no longer available.
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5 Developing Metrics to Evaluate Solar Thermal Storage
Systems

5.1 Introduction

The purpose of this section is to discuss key issues related to developing a standard for comparing

the performance of stored solar thermal energy cookers. As discussed in sections 1.2.1 and 1.2.2,

there is not a standard method to report the performance of these devices. This section will not

address the social or cultural issues that need to be considered for the successful adoption of stored

solar thermal cookstoves, just the performance aspects.

5.2 Background

When considering the performance of a solar cooking system there are two main questions to

consider: how well the system captures the available sunlight and how much of that energy can be

used? The amount of sunlight available can be determined with a pyranometer and by observing

the amount of time spent collecting the solar energy. There are two general methods to consider for

determining how much energy is recovered from a solar cooker: a water boil test that measures the

sensible heat recovered or a water boil test that measures the latent energy expended. The amount

of available sun and the amount of energy recovered can be used to calculate the overall efficiency

of the system. From the data collected when measuring the recovered energy, the power output of

the system can be calculated. Since the energy collected will not be used immediately, the concept

of storage needs to be incorporated into these tests. The storage time is the amount of time after a

vessel is removed from solar collection until the energy is recovered.

The ASAE S580.1 standard measures the sensible heat recovered. ASAE S580.1 reports a

standardized cooking power by measuring the temperature difference for a fixed quantity of water,

7 L, over a set period of time, 10 minutes [41]. In order to compare solar cookers in areas with
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varying solar irradiation, the ASAE standard reports the results by normalizing them to a standard

solar radiation value of 700 W. The latent method determines the cooking power by measuring

the amount of water that is evaporated after a fixed amount of time at the boiling point [42].

It was developed as a simple method to measure the cooking power of concentrating cookers as

this method only requires a scale to weigh the water. These test results are also normalized to

a standard solar irradiation value. The two methods cannot currently be used to compare stored

thermal energy systems as they do not consider storage time nor can the charging and recovery

aspects be separated using these methods. In addition, these standards focused on a set amount of

water that should be heated. This doesn’t allow for users to determine how a product will fit their

particular cooking situation, unless it matches the situation chosen for the standard.

The ASAE standard is the most commonly cited performance standard and it continues to be

applied to solar cooking systems. It forms the basis of the Solar Cookers International Performance

Evaluation Process released in 2017 [43]. Specific issues with s580.1 in regards to stored solar

thermal systems are as follows:

1. Section 6.1: The cooking load is based on the intercept area. When considering a stored

system, the intercept area and collection time determine the amount of energy available for

collection but not the useful energy of the system. The cooking load and intercept area

should not be linked for a stored energy system.

2. Section 7.2: The cooking power is specified over a 10-minute interval. This interval works

for the large load specified by the standard, but as indicated in section 1.2.4 the consumer

satisfaction was not a consideration. As determined in figure 4.10, the power output of a

thermal energy storage material can vary considerably over a series of small quantities of

water. Further, when looking at the cumulative power level, as observed in figure 4.12, after

7 L the KNO3 and the nitrate mix have the same average power level even though they would

have provided that energy in a different manner. In a general cooking scenario, the nitrate

mix would likely have performed better but the user wouldn’t be able to tell based on the

results from the 7 L test specified in the standard.

3. Section 7.4: The cooking power is normalized for a specific solar insolation value. Similar

to the previous issues, the cooking power does not directly link to the solar insolation when
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considering storage.

5.3 Methods

The performance of a system can be evaluated more generally by determining how efficiently the

system can convert solar energy into useful work. Rather than try to standardize the solar insolation

and make every system conform to a standard quantity of energy, we can measure the amount of

energy available to the system and how much energy is recovered from the system at a certain time

period and in a scalable manner. In addition, this allows the purchaser to compare solar thermal

cookers to photovoltaic systems and other forms of energy use. Cost and performance will be the

driving factors in the mind of the consumer, but efficiency is necessary to compare the performance

of systems and verify design improvements.

To understand and compare systems, key variables are necessary. The collection method of

section 3 and the performance metrics in section 4 have been used to determine these parameters.

A set of preliminary design variables and test specific variables are listed below:

1. System variable

(a) Intercept area [m2] (based on the entire footprint of the device and not solely what is

used for collecting solar radiation)

(b) Area of the Cooking Surface [m2]

2. Test specific variables

(a) The solar irradiance during charging at regular time points [W/m2]

(b) Total energy recovered from the system at various storage times [MJ]

(c) The period of time over which the energy is recovered [s]

(d) Initial water temperature [◦C]

(e) Ambient air temperature [◦C]

The above list captures the basic information necessary to compare the performance of a stored

thermal energy system.
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The intercept area accounts for the total amount of solar radiation displaced by the device, not

just the amount that is concentrated by the device. The system described in chapter 3 blocks a

portion of the available energy incident on the dish with the heat storage vessel, and by using the

intercept area we can account for that inefficiency. Additionally, a reflective charging system might

reflect over 80% of the solar energy incident on it, while a plastic Fresnel lens of the same area

might only allow 70% of the energy to reach the device. Similar conditions on available solar

insolation as s580.1 may need to be implemented, but they need to be reconsidered for weather. A

balance will need to be met between the repeatability of results and the influence the restrictions

may have on system design. If the tests only occur in fair weather, then there is an incentive to

design systems that only work well under ideal conditions. Alternatively, the restrictions may just

need to be clearly stated. The intercept area is multiplied by the average solar irradiance during

charging to calculate the amount of available solar energy.

The amount of total energy recovered can be measured immediately or after a storage delay. The

amount of total energy recovered can be measured with a water boil test. The test described in

section 3, a succession of 1 L water boil tests showed how the performance changes as energy is

extracted from the system. In chapter 4 it was observed that the average power level over 7 L can

be similar, but the power level and therefore the cooking experience over that time period can be

drastically different. While the goal is to calculate the amount of energy recovered, using several

discrete amounts of water provides a higher level of detail and is more flexible than the 7 L standard

in s580.1. Further testing may indicate less than 1 L of water is more useful and could be used

to further compare systems with similar 1 L results. With a portable system, the energy recovery

test can be conducted indoors or outdoors. The test should occur in the same manner as the target

population would use the cooker.

The power output reported in chapters 3 and 4 did not consider the size of the cooking surface

as the system was sized similar to a mid-sized burner on an electric or gas range. To compare

dissimilarly sized cooking surfaces, it may be better to report the heat flux [W/m2] of the system.

This is accomplished by dividing the power output by the area of the cooking surface. Unfortunately,

the result would be unfamiliar to the general public and would only be useful as a comparison

between systems.

The system efficiency, as calculated in chapter 3, is used because it encompasses all possible
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losses a system might experience. It is calculated by taking the energy recovered after a specified

delay and dividing it by the total available solar energy during heating. Further development is

necessary to determine an appropriate delay, but 1 hour intervals can serve as an initial starting

point. In section 4.4.2, storage tests were conducted with the nitrate mixture and the first few hours

of storage correlated to 1 L per hour loss in total boiling capacity. Local context can be used to

drive the decision in regards to the storage delay. The delay period can be adjusted to align with

meal times and omit sleep periods. Reporting the system efficiency over several delay periods will

provide the community with useful information when determining what energy technologies to

use.

Cooking is complex and the nature of different cooking styles (pan fry, bake, boil, deep frying,

etc.) can be inconsistent across cultures. The amount of energy and the temperature needed to

deep fry bread in the US Native American community will be different than the requirement to fry

bread in another culture. Each culture may have their own definition of what the taste and texture

of the finished product should be like. The power output is necessary to understand the cooking

performance of a particular cooker and can be used to compare it to a particular activity within a

cooking culture. The results in chapter 4 provided this information as a graph and calculated the

power for a series of water boils, repeated for each time delay as it was demonstrated in figure 4.16.

The need to measure power incrementally is justified by the similar performance of KNO3 and the

KNO3/NaNO3 mixture over 7 L. The mixture had a much higher power level initially and would

be expected to perform differently than KNO3 for certain cooking tasks. Reporting the average

power level over an arbitrary number of boils would be a disservice to the solar community. It

would be appropriate, however, to choose a certain quantity for a local context that consistently

demands a specific cooking task. To compare systems in general, it is better to have a more discrete

measurement. The cumulative power level can be used to estimate system performance for specific

community needs, an example measurement was reported in figure 4.17.

The three main parameters described above: total recoverable energy, system efficiency, and

power are demonstrated graphically in figure 5.1. They vary with the length of storage. The initial

system efficiency can be used to judge the charging and recovery characteristics of the system,

while the delayed system efficiency will convey information about its heat retention capabilities.

To determine its appropriateness for specific cooking tasks, the power output can be used. Exact
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power guidance is likely to be a local decision based on local cooking hardware and preferences.

Figure 5.1: A simplified representation of three variables that can be used to describe the
performance of a system. The recoverable energy, on the left, forms the basis for measuring the
system efficiency and power of the system.

5.4 Conclusions

The variability in cooking styles necessitates a granular and more complex set of variables for

comparison than current solar cooker standards report. A quick comparison can be made using the

maximum recoverable energy and system efficiency, but a cooking task assessment and comparison

to the power outputs will be necessary to determine if a system is appropriate for a family or

community. The metrics presented are useful for comparing systems and determining if the system

matches the local cooking performance. They do not take into account system costs, social issues,

or the cultural context in which the solar cooker is to be situated. Further work is needed to simplify,

identify existing, or develop new parameters.
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6 Summary and Recommendations

This work briefly reviewed the substantial need for an alternative to solid cooking fuels due to

their drastic economic, health, and climate impacts. Interviews with potential users directed this

work towards solutions that imitate fire. Interviewees wanted to cook quickly, on demand and in a

similar manner as they always have, at a low cost. To achieve a high power output and perform the

full range of cooking tasks, it was estimated that the system needed to operate in the 300 - 400 ◦C

range. This range was verified as a useful option but it was determined that it should be expanded

to 200 - 400 ◦C. In the past, there have been significant challenges in matching the cooking culture

with solar interventions. This work described an approach to extend the usability of solar energy

through a portable thermal storage vessel.

A portable solar thermal energy vessel was designed, fabricated, and tested. The system was

heated, in the field, with solar thermal energy and ∼19% of the energy incident on an unmodified

parabolic concentrator was successfully recovered. The system was further developed and four

materials were successfully tested that span the desired operating range: aluminum, KNO3, NaNO3,

and a (60/40) NaNO3/KNO3 blend. The energy recovered, time to boil, and power outputs were

measured. Up to 3 MJ of energy was recovered from a single vessel, a liter of water was boiled in

under 3 minutes, and power outputs up to 2150 W (63 kW/m2) were reported.

Creating a solar thermal cooking system to solve the global cooking problem is a complex

undertaking. Otte’s variables for adoption can be daunting as user needs have to be satisfied in

terms of environmental, cultural, technical, social, economic, and political factors. The vessel

and methods described in this work can be used as a platform to test additional energy storage

materials. The material set created in this work can then be expanded and these materials can

be categorized by their associated cooking characteristics. Potential adopters of this technology

would then have an index they could reference and select the appropriate energy storage material

for their community.
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Further work is needed to increase the duration of storage. Insulation strategies and increased

energy densities may be capable of extending the cooking capabilities into lunch the following day,

but additional innovations are needed to store energy for a week or through a rainy season. Large

scale thermal storage tanks or chemical storage solutions are potential options to investigate.

The technical design and performance of a solar thermal system is only a portion of the work

needed to achieve widespread adoption of solar thermal energy. What are the defining character-

istics of the user, the food, the cooking process, and the environment that indicate a match? In

addition, a charging study will need to be carried out using the candidate materials to determine

the advantages and disadvantages of each material in the field.

A significant amount of effort will be required to build the material index for high temperature

thermal storage. In addition to this, hundreds of devices already exist in the marketplace. Future

work could consider options to incorporate heat storage into these devices that improve the range

of cooking options and their acceptability.

The solar cooking community is engaged in finding solutions to the global cooking problem. The

portable, stored solar solution demonstrated here is a significant contribution to the community.

As this group moves toward a metrics driven discussion, this technical area will continue to grow,

reducing our global dependence on the combustion of carbon-based fuels.
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A Detailed Material Lists

A.1 Solar Melting of KNO3 and NaNO3

1. Solar Burner from Cantina West - 1.5 m2 Parabolic Concentrator

2. Sol Source from One Earth Designs - 1 m2 Parabolic Concentrator

3. RDXL4SD 4 port thermocouple data logger from Omega

4. K-type, glass braid, 20 gauge thermocouples (5SRTC-GG-K-20-72) from Omega

5. Sodium nitrate (002/07-US), refined grade in prill form from SQM North America

6. Potassium nitrate (001/06-US), refined grade in prill form from SQM North America

7. 8"x4" 16 gauge, Anodized Aluminum round cakepan from Fat Daddio’s

8. Rust-Oleum Specialty Model 7778830

9. 2050 W hot plate, model HP932A from Wenesco

10. MP-200 Pyranometer Separate sensor with handheld meter from Apogee Instruments-

A.2 KNO3 Solar Heating and Recovery Testing

1. Parabolic cooker from Eco-Worthy - 1.5 m2 Parabolic Concentrator

2. NI CompactDAQ 4-Slot USB chassis with two 16-channel thermocouple input modules

3. Omega RDXL4SD 4 port thermocouple data logger

4. Omega K-type, glass braid, 20 gauge thermocouples (5SRTC-GG-K-20-72)
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5. Omega OB400 thermocouple cement

6. Potassium nitrate (001/06-US), refined grade in prill form from SQM North America

7. 8"x4" 16 gauge, anodized aluminum round cakepan from Fat Daddio’s

8. Rust-Oleum Bar-B-Que Black Satin High Heat Spray Paint, Model 7778830

9. SOLKOTE HI/SORB-II from the Solar Energy Corporation (www.solec.org)

10. MP-200 Pyranometer separate sensor with handheld meter from Apogee Instruments

11. 3/8" male pipe - hex socket plug, item 9-5409-06 (www.pressureconnections.com)

12. 6061 Aluminum 10"x6’x.25" sheet from mcmaster.com

13. 6" and 3" OD x .25"Wall x 3.75" 6061-T6 extruded aluminum tube (www.onlinemetals.com)

14. Pyrogel XT-E High temperature insulation
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